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The identification of plant calmodulin binding protein genes. 
Ca2 is a frequently utilised second messenger in higher plants. Calmodulin is a 
small, highly conserved, multi-site receptor for Ca 2 , which interacts with a large 
number of downstream effector proteins. Calmodulin binding proteins (CBPs) do 
not have a highly conserved binding domain, and interact with calmodulin in an 
unusual fashion involving both a hydrophobic surface and charged domains. 
A number of techniques to isolate CBPs from plants were used. Techniques 
based on DNA homology suffer from the extreme lack of conservation between 
calmodulin binding domains. Other, established techniques, utilise in vitro 
overlays of labelled calmodulin to screen cDNA libraries, and are necessarily 
artificial and thus potentially artefactual. 
Algorithmic modelling of the calmodulin binding interaction based on up to date 
information was carried out using rapid, quantitative computer profiles which 
utilised a novel double profile technique to combine both hydrophobic and 
charge related patterns. This model suggests that a large number of relatively 
weak yet biologically significant CBPs are to be expected. The consequences of 
the presence of these proteins is discussed. 
The yeast dihybrid system was utilised as an in vivo system to screen for 
calmodulin binding proteins, and a number of sequences isolated and partially 
sequenced. These sequences demonstrate the success of this technique, and show 
the existence of a partially conserved calmodulin binding domain within the plant 
kingdom, as well as a high number of CBPs of potential biological significance. 
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1. INTRODUCTION 
Plants interact dynamically with their environment. They respond to temperature, 
light, gravity, touch and movement; as well as numerous chemical stimuli emitted 
from other plants and pathogens (Salisbury & Ross, 1978). Whole-plant 
responses to stimuli both external and internal, require changes in the behaviour 
of single cells. Within individual cells, a variety of intracellular signal 
transduction systems conduct information from one part of the cell to another, 
and evoke responses from various structural and enzyme proteins. Alterations in 
the behaviour of the cell's proteins lead to a change in the overall behaviour of 
the cell, and thus to changes in the whole plant. Variations in metabolism lead to 
changes in water relations, and thus to cell expansion or movement. This 
movement is controlled by the structure of the cell wall, which is itself moderated 
by the changing behaviour of the cellular machinery which produces the wall, and 
later alterations made by specific enzymes (Cosgrove, 1997). Variations in the 
behaviour of nuclear proteins lead to changes in gene expression, and thus to 
changes in the types of proteins available to respond to stimuli. 
1.1 Intracellular signalling 
To control these changes in behaviour, it is necessary for a cell to remain non-
responsive to stimuli below a certain threshold, but to perform a full and 
complete response to a stimuli above a certain threshold. To that end, 
intracellular signal transduction systems must have a clear distinction between 
'on' and 'off' responses, as well as allowing for a degree of amplification and 
feedback control. 
1 
Cellular responses to signalling are not rigid. Rather, any given signal may 
stimulate a given number of cells to a certain response. Moreover, the 
intracellular pathway used by each of the cells may differ: 75% of protoplasts 
exposed to red light exhibited elevated cytoplasmic Ca 2 (Shacklock et a!, 1992), 
whilst all increased in volume by 20-30%, and each presented a unique [Ca 21]
change (Fallon et al, 1993). Each cell's expansion response is triggered by a 
different combination of intracellular messengers. Neuhaus et al (1993) and 
Bowler et a! (1994) microinjected Ca 2 and found responses (the formation of 
chloroplasts and anthocyanin) in only 5% of cells. Thus, cells are each primed 
differently to respond to second messenger systems, but it appears that the 
continuity between stimuli on a macrobiological scale (light, temperature, wind) 
and responses (growth, movement and metabolism) is maintained. 
1.1.1 Protein kinases 
There are essentially two types of intracellular signalling; phosphorylation and 
second messenger systems. Phosphorylation involves the use of kinase cascades. 
Many proteins are capable of being phosphorylated on serine, threonine or 
tyrosine residues, and the presence of the bulky phosphate group has steric and 
electrostatic effects on the structure and thus behaviour of a protein. Controlling 
the degree of phosphoiylation of the population of a given protein, gives control 
over the level of activity that a protein will demonstrate. 
Protein kinases and phosphatases work in opposed pairs to control the degree of 
activation of other proteins, many of which are themselves kinases or 
phosphatases (Edelman et al, 1987; Bray, 1995). Thus since each kinase can 
phosphorylate many other protein molecules downstream of it, there is an 
2 
amplification effect. Since kinase target sequences can be (and are) carried by the 
kinase itself as well as up-stream regulatory kinases and phosphotases, the 
system allows for amplification and feedback control; feedback control allows for 
the maintenance of 'on' and 'of states for the system. Higher degrees of control 
are exercised with the utilisation of cyclical phosphorylation; the extent of 
phosphorylation and hence activation is a measure of the balance between the 
kinases and phosphatases involved; such a response unit can produce a wide 
range of output levels very rapidly (Stadtman eta!, 1977; Shacter eta!, 1984). 
1.1.2 Second messenger systems 
Second messenger systems utilise the diffusion of a rapidly producible agent to 
provide for amplification and feedback control. A single protein which is capable 
of producing second messenger at a high rate can thus activate a large number of 
downstream proteins. These proteins may themselves affect the messenger-
producing protein, or the messenger-producing protein may itself be affected by 
the second messenger; either mechanism allows for feedback control and the 
maintenance of the presence ('on') or absence ('off') of second messenger. 
Receptors of second messengers themselves then affect the behaviour of the 
proteins which cause a change in cellular behaviour; enzymes, cytoskeletal 
proteins, DNA binding proteins, etc. The elements in a signal transduction 
pathway which are affected by a messenger are 'downstream' of it, and those 
which cause changes in the presence of a messenger are 'up-stream'. Proteins 
which finally carry out the response to a stimulus are 'effector' proteins. 
Second messengers share a number of common features; their precursor must be 
common and ubiquitous, their production rapid and their lifespan limited. 
3 
Precepts originally proposed by Earl Sutherland in 1959, during the birth of the 
second messenger concept, referred to hormonally induced intracellular signals 
and suggested that as well as a limited lifespan, the detection of a stimulant, the 
change in messenger concentration and the physiological response; must all be 
interdependent (Sutherland, 1972). 
There appears to be no limit to the complexity of processing which can occur 
during the transduction of a signal through a cell from stimulus detection to 
downstream effector (Bray, 1995; Trewavas & Malho, 1997; Figure 1-1). On a 
simple level, proteins act as logical units, and can perform combinations of the 
essential AND, XOR and NOT' functions required for discrete (digital) 
computing. Yet they can also function as integrators, differentiators, and fuzzy 
logic units. The key variables in the activity of such units are the rates of 
association and disassociation. 
1  The logicalfrnctions AND, XOR and NOT are used to make decisions on the state of an output, depending on one or 
more inputs. They are used both abstractly and are physically manifested in the logic gates used as the basic component 
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Figure 1-1 Simplified view of intracellular information transduction systems (from 
Trewavas & Ma/ho, 1997). 
1.1.2.1 Nucleotides 
A number of molecules based on nucleotides operate in the transduction of 
information within the cell. GTP is used as an amplification messenger and 
control step, mediating a response from receptors such as the 13-adrenergic 
receptor to control proteins such as adenylate cyclase (Oilman, 1987). Different 
receptors cause the production of two opposing forms of a GTP carrier protein 
(G8 and G1). G stimulates adenylate cyclase, G i represses it. The amplification is 
caused by the ability of the G-protein to influence a number of cyclase molecules 
before the GTP is fully hydrolysed to GDP. Many families of G proteins have 
now been identified, mediating a wide range of stimuli-response phenomena from 
5 
vision to the mobilisation of glycogen energy stores in response to low levels of 
glucose (Stryer & Bourne, 1986). GTP binding proteins have also been identified 
in plants (Drobak eta!, 1995). 
Cyclic adenosine monophosphate (cAMP) has also been found to act as a second 
messenger (Schramm & Selinger, 1984). Adenylate cyclase, activated by the G-
protein cascade, uses ATP as the substrate, one of the most essential carriers of 
energy within the cell. cAMIP is linearised by phosphodiesterase, and controls the 
activity of Protein Kinase A, a serine kinase. The related molecule cGMP (cyclic 
guanosine monophosphate) also acts as a messenger. 
1.1.2.2 The inositol cycle 
Diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (1P 3) are both products of 
the breakdown of phosphatidyl inositol 4,5-bisphosphate (PIP 2), a membrane 
lipid, by phospholipase C; activated by a G-protein (Berridge, 1987). Both have 
the required characteristics and have been identified as second messengers in a 
number of systems. DAG is rapidly converted into phosphatidic acid and 
reincorporated into the membrane, or arachidonic acid (which is also utilised as a 
messenger). 1P3 is rapidly converted back to inositol via a number of inositol 
polyphosphates and reincorporated into the membrane (Majerus et a!, 1986). 1P3 
is one of several known stimulants of intracellular Ca 2+  release, and is believed to 
mediate some Ca 2+  waves (Davis, 1992). DAG itself increases the affinity of 
protein kinase C for Ca2 , making it active at physiological Ca 2+  levels (Bell, 




One of the most common second messengers is the Ca 2 ion. Comparative 
studies between plants and animals show that both cAMP and cGMP play a role 
in plants, but indicate that Ca2 is an extremely significant system, with Ca 2 
involved in a wide variety of stimuli responses (Trewavas & Gilroy, 1991). 
The variety of mechanisms available for a plant cell to pass information from 
system to system within the cell is enhanced by the number of dimensions within 
which they can operate. Separation of response elements in time and space, and 
differences in the response kinetics of downstream parts of the signal 
transduction pathway, mean that the same messenger can play a role in a wide 
range of responses. Different cells at different times are primed with different 
sets of response machinery; both obvious (guard cells vs. pollen tubes) and subtle 
(Bowler et a!, 1994). Response elements, the downstream effectors of the signal 
transduction pathway, may coexist in time, but be separated in space, in the 
virtually two dimensional environment of the generalised plant cell; spatial 
separation of response elements, combined with localised Ca 2 movements can 
lead to differential responses (including gene expression, Bading eta!, 1993). 
Each of the mechanisms described above can 'cross-talk' with the other systems, 
with (for example) 1P3 affecting Ca2 movement (Murphy, et a!, 1995), Ca 2+  
affecting protein kinases, and the protein kinases activating downstream effector 
proteins. The Ca2 receptor calmodulin itself stimulates phosphodiesterase 
(Collinge, 1988). 
7 
Having a number of system capable of responding to any given stimulus allows a 
number of responses both in quality and degree (Shacklock et a!, 1992; section 
1.1). Although lIP 3 is involved in the release of Ca 2 from intracellular stores, it is 
not the sole means of control, and the rapid response of cardiac muscle cells has 
evolved utilising Ca2 positive feedback alone; this has led to the evolution of 
specialised sarcomeres to enable the rapid and global release of Ca 2 (Davis, 
1992). 
A further complexity to Ca 2 signalling is the observation of waves of free Ca 2 
which traverse stimulated cells (Jaffe, 1993), and pulses of Ca 2 which naturally 
accompany some physiological processes (e.g. pollen tube growth, Trewavas & 
Maiho, 1997). The waves are considered to be due to calcium induced calcium 
release (CICR), as they propagate further than Ca 2 ions will diffuse through the 
cytoplasm, but at comparable speeds. The speed of the wave appears to be 
related to the degree of cytoplasmic complexity, and hence the availability of 
intracellular calcium. With the understanding of CaM JUl autophosphorylation 
(Bray, 1995) comes a model by which information may be transmitted in the 
frequency (0.003-0. 1Hz) and amplitude (3-30j.tM) of a Ce wave. 
The role of Ca2 fluctuations in systems such as the pollen tubes is unclear. Tip 
centred growth rates fluctuate at the same rate as Ca 2 concentrations. Whilst the 
fluctuation may be the unavoidable consequence of other cellular processes, it is 
possible that the oscillation enhances the sensitivity of the Ca 2 signal (Gilroy & 
Trewavas, 1990). 
8 
1.2 Calcium as a second messenger in plants 
Plants require an external supply of Ca2 in the region of 1-10mM (Trewavas & 
2 Malho, 1997). Inside the cell, however, the presence of Ca +  is tightly controlled, 
with cytoplasmic levels being held around lOOnM. Ca 2 is cytotoxic, reacting 
with phosphates in the cell to form insoluble precipitates, and promoting the 
adherence of proteins and nucleic acids (Stryer, 1988). 
Levels of Ca2 (Clarkson, 1984) in the extracellular spaces and some organelles 
are believed to remain at around 1-10mM. Despite high external levels of Ca 2 , it 
appears that plants ensure a constant availability of Ca 2+  by utilising internal Ca 2+  
stores. In this, they have a significant advantage over animal cells in the form of 
the vacuole. Levels of C2 in the vacuole can exceed 100mM. 
Ca2 levels are kept low by the action of Ca 2 iWantiports and Ca2tATPases, 
which pump Ca2 ions out of the cells, and into the vacuole, the nuclear 
envelope, and parts of the endoplasmic reticulum, which are then believed to act 
as Ca2 stores (Koch, 1990). Voltage controlled Ca 2 channels exist in the 
membranes of these stores. 
(Trewavas & Malho, 1997). Stimuli thus lead to a controlled opening of the 
channels, and an influx of Ca 2 into the cell. 
Although frill stimulation can lead to micromolar concentrations of Ca 2 , only 
small influxes of Ca2 create large relative changes in the amount of Ca 2 present. 
So whilst the water relations and ionic balance of the cell remain relatively 
unpeturbed, systems responding specifically to Ca 2 are exposed to a wide range 
of activation. The form of the Ca 2 influx, in terms of duration and intensity, 
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affect the range of the effect spatially, and thus the specific response systems 
activated. 
1.2.1 Plant responses to the environment 
Responses of whole plants to the environment are the result of changes in the 
activity of individual proteins within individual cells. The complex 
macrobiological behaviour of the whole organism is beginning to be read as an 
epic saga of interactions between enzymes and their substrates, messengers and 
their receptors, causal agents and effector engines. 
Touch and movement both induce an intracellular messenger system which leads 
to increased cell wall production (thigmomorphogenesis; Jaffe, 1973). Plants 
responding to such stimuli grow stunted and with thicker, woodier stems and 
shoots. The effect is localised; trees grow stiffer and more stunted on the side 
facing the prevailing wind. The leeward side is less stimulated and grows more 
flexibly and extensively. This phenomenon is beginning to be understood in terms 
of the subcellular processes. Ca" antagonists inhibit the stunting, thickening 
effect (Jones & Mitchell, 1989), and mechanical stimulation of Nicotiana 
seedlings causes immediate elevations of cytosolic Ca 2 (Knight et a!, 
1991;1992). 
Guard cells, which allow transpiration of metabolic gases and products from a 
plant, open and close in response to a combination of stimuli external and 
internal to the plant. Light and temperature provide an indicator of the plant's 
environment, whilst the level of CO2 and the amount of water present provide a 
measure of the plant's need to transpire. The power which drives the opening 
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and closing is supplied by turgor pressure, generated and controlled by 
metabolism, and directed by the shape of the cell wall. The signal transduction 
pathway, again believed to involve Ca 2 (Wood, 1997), responds by mediating an 
increase in osmotically active molecules and ions (osmotica) within the cell. The 
major inorganic ion involved is K, which can reach levels of 500mM in open 
guard cells (Allaway & Hsiao, 1973). Anions (mainly Cl -, also malate2 ) are 
allowed into the cell, to retain charge balance. K enters the cell down an 
electrical gradient caused by the ATP driven extrusion of H. It is believed that 
the inward movement of ions continues to the vacuole. Osmotic balance between 
the vacuole and cytoplasm is believed to be maintained by the production of 
sucrose (Poffenroth eta!, 1992). 
Clearly, the process of stomatal opening is the result of the integrated activity of 
numerous membrane channels, pumps, symports and antiports. Various 
metabolic processes, including the production of malate 2 ions and sucrose, need 
to be coordinated with the movement of several different ions. This coordination 
is carried out by the guard cells' internal signalling mechanisms. 
The mechanics of stomatal opening, powered by the osmotic pressure generated 
by the ions and sugars mobilised as described above, involve a directed swelling 
of the guard cells. The cells are allowed to alter cross section, and change length; 
but not to increase in width. With the ends of each cell constrained, the cell then 
bends creating a gap between the pair of cells; this is the stomatal opening. The 
particular structure of the cell wall is itself the result of a coordinated response to 
developmental signals; this coordination itself, again, conducted by intracellular 
communication systems. 
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Pollen tubes exhibit a steep Ca 2 gradient at their tip; Ca2 concentrations fall 
from 2mM to 200nM in only 10-20iM (Pierson eta!, 1996). This gradient is due 
to a physical separation of Ca2 influx channels (at the tip) and Ca 2 -ATPase 
efflux pumps (along the parallel sides of the pollen tube, Maiho et a!, 1995). 
Highest growth rates are predicted by the highest concentration of Ca 2 in the tip 
cytoplasm. The presence of localised Ca 2 increases triggers Ca 2 induced Ca2 
release (CICR) from internal stores by 1P 3 (Trewavas & Maiho, 1997). 
Maintained high levels of Ca2 lead to the association of annexins with the 
plasma membrane (Blackbourn, 1991), and thus to an increased incorporation of 
vesicles at that point. The pollen tube tip is rich in vesicles containing cell wall 
construction factors, and the vesicle membranes contribute to the plasma 
membrane at that location; growth is thus faster in a particular direction. 
1.2.2 Calcium receptors 
There is an effective concentration of Ca 2 binding sites of approximately 1mM 
within eukaryotic cells (Hodgkin & Keynes, 1957), and a number of significant 
Ca2 binding proteins have been identified. A number of issues, however, appear 
to have lead to an evolutionary pressure to utilise a ubiquitous C2 receptor 
protein; 
. 	Variation in Ca2 response dynamics; the rates at which Ca 2 is bound and 
released (Williams, 1992). Some proteins are faster than others in one or both 
activities. For instance, annexins and calbindin have slower dynamics than 
troponin and calmodulin. 
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Ca2 binding sites are of various types, but certain features (for instance exposed 
carboxylate groups) are essential for the site to operate. There are a limited 
number of Ca2 motifs, of which one is the EF hand (Stiyer, et a!, 198). The 
development of a Ca2 binding site is thus an expensive process in evolutionary 
terms; either divergent from a common sequence, or convergent towards a very 
limited array of functional sequences. 
Further restrictions are placed on sites which will respond selectively to Ca 2+  and 
not other divalent cations such as Mg21 . 
• 	More acute response curves are possible with multiple Ca 2 sites, than with one 
site. 
Thus, it is a complex and energetically expensive process to equip all Ca 2 
responsive proteins with optimised Ca 2 sites, and this cost is manifest as a 
pressure to evolve a specialised Ca 2 receptor. 
1.3 Calmodulin 
Calmodulin is a small, acidic, Ca 2 receptor with four Ca 2 binding sites, which is 
highly conserved and found in all eukaiyotes so far examined (Alberts et a!, 
1989). Calmodulin has very high selectivity for Ca 2 over Mg2 and very fast 
binding kinetics. The four Ca2 binding sites are found in cooperatively acting 
pairs at each end of the 143-150 amino acid protein, and whilst not occupied by 
Ca 2+'  the protein is generally disordered. There is one site of post-translational 
modification; a lysine (commonly numbered 115) is methylated (Figure 1-2). 
This methylation has physiological consequences (Harding et a!, 1997). 
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Upon binding Ca2 , the two head domains become much more tightly ordered, 
and the domains form globular structures presenting specific features to the 
environment. They are linked by a still disordered pseudo-helical chain of 9 
amino acids. Most of the calmodulin binding proteins so far characterised utilise 
features on both globular lobes to interact with calmodulin via mainly side-chain 
to side-chain interactions (Zvelebil & Thornton, 1993). The freedom of 
movement of the two lobes in relation to each other, and the presence on each 
lobe of a convoluted hydrophobic patch which includes several long, 
hydrophobic, methionine residues; means that the binding site of calmodulin is 
extremely flexible. Calmodulin binding domains are known to have very little 
conservation (O'Neil & DeGrado, 1990). 
Plants, unlike animals, possess more than one calmodulin. Arabidopsis expresses 
at least six different isoforms (Gawienowski et a!, 1993). The presence of 
different isoforms raises the issue of evolution; they may have developed into the 
evolutionary space left by a low selection pressure (neutral evolution; Kimura, 


































Figure 1-2 Ca"-calmodulin. Ca is in spacefihling green. The two lobes are clearly 
visible in this representation, but the famous 'dumbbell' shape is artfactual, as the 
linking helix is disordered in solution and the position of the two heads relative to 
each other is far more variable than implied here. After Chattopadhyaya et a!, 1992. 
To the right is the concensus sequence o/plant calmodu/in ('see figure 5.5) 
In favour of the latter theory is the observation that different isoforms of 
calmodulin are expressed in different tissues at different times, and activate 
enzymes with different efficiencies (Liao, et al, 1996; Lee el al, 1997). 
1.4 Calmodulin binding proteins 
A large number of calmodulin binding proteins have been identified, including 
myosin light chain kinases, calmodulin dependent kinases I, II, and III, 
phosphorylase kinase, the calcineui -in phosphatase, cyclic nucleic acid 
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phosphodiesterase, several adenylate cyclases, membrane Ca 2 -ATPases, NAD 
kinases, and cytoskeletal proteins (Roberts & Harmon, 1992; Aderem, 1992). 
Work on these proteins, the moderators and down-stream effectors of 
calmodulin mediated intracellular signals, has proceeded more extensively in 
animals than plants. 
There are examples of more than one calmodulin binding protein being encoded 
by the same gene (Means et a!, 1991; Ohmstede et a!, 1991) and also of a Ca2 
binding kinase being encoded within the exons of a calmodulin binding kinase 
(MLCK, Collinge eta!, 1992). 
1.4.1 Calmodulin binding proteins in plants 
There is a relatively small, but rapidly increasing, number of calmodulin binding 
proteins which have been characterised in plants. These include myosin V, 
kinesin, Ca2tATPase,  Ca2 channels, glutamate decarboxylase, NAD kinase and 
a number of protein kinases (Trewavas & Malho, 1997). Several of these are 
proteins which have animal homologues. However, not all of the animal 
homologues are calmodulin binding. For example, glutamate decarboxylase 
(GAD) from animals is not calmodulin binding. GAD from plants, however, does 
bind to calmodulin, and requires this interaction for activation (Snedden et a!, 
1996). 
Likewise, plants have been shown to contain a calmodulin binding kinesin 
(Reddy et a!, 1996). The motor domain is homologous with other kinesins, but 
the N-terminal half of the protein and the C-terminal calmodulin binding domain 
do not bear homology to any known animal kinesins. 
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Anderson & Cormier (1978) identified the heat stable 'protein-activator' of pea 
NAT) kinase as calmodulin. Calmoduim dependent NAD kinases have been 
found extensively in plants, whilst the majority of animal NAT) kinases (the 
exceptions being the egg and neutrophil enzymes) are not calmodulin stimulated 
(Roberts & Harmon, 1992). 
Calcium translocating ATPases play an important role in the homeostasis of 
Ca2 . They use the hydrolysis of ATP to pump Ca 2 from the cytoplasm out of 
the cell (in animals) or into intracellular stores (Brauer et a!, 1990). This enzyme 
is calmodulin stimulated in both animals and plants. The degree of stimulation 
and sensitivity in plants, however is far lower than that in animals. It also appears 
that in plants, the enzyme is localised in a potentially species dependent fashion; 
in the endoplasmic reticulum in maize (Brauer eta!, 1990), and in the plasma and 
vacuolar membranes in spinach (Malatialy et a!, 1988) rather than the plasma 
membrane. The plant enzyme is calmodulin binding, and calmodulin stimulated, 
yet not calmodulin dependent (Roberts & Harmon, 1992). Likewise, 
observations have been made of a similarly calmodulin binding, stimulated, and 
independent, NTPase in the nucleus (Matsumoto et a!, 1984). 
Watillon et a! (1993, 1995), describe a calmodulin binding kinase from apple 
with homology to Type II calmodulin dependent protein kinase (CaM Kil). 
Studies of protein kinases in plants have been hampered by the presence of 
families of Ca2 dependent protein kinases (CDPKs, Hong et a!, 1996). CDPK 
has evolved one step further than the use of a common Ca 2 receptor protein by 
integrating the protein into its own gene. Thus the proteins bear some similarity 
to kinases such as myosin light chain kinase (MLCK), with a kinase domain, and 
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a joined autoinhibitoiy/calmodulin binding domain, but appended to this is a form 
of calmodulin itself (Harper et a!, 1994). The proteins will bind to calmodulin, 
and can be purified on immobilised calmodulin. They can also be activated by 
calmodulin. However, unlike MLCK and CaM Kil, calmodulin is not required 
for the function of CDPK. 
1.5 The study of calmodulin binding proteins 
A number of in vitro tools have been developed for the investigation of 
calmodulin binding proteins and peptides. Overlay techniques involve 
immobilisation of the protein of interest in some fashion and exposing it to 
labelled calmodulin. The labelled calmodulin may be bound by the protein. This 
technique has been used to identify the presence of calmodulin binding proteins 
in plant plasma membranes (Collinge, 1988), and has been used with 
exogenously expressed proteins to isolate the cDNAs encoding plant calmodulin 
binding protein genes from libraries (Reddy eta!, 1993; Fromm & Chua, 1992). 
The nature of the interaction may be analysed with various enzymic competitive 
inhibition assays, for example phosphodiesterase or NAD kinase assays 
(Collinge, 1988). Here, the enzyme used for the assay is stimulated by 
calmodulin, and the presence of another calmodulin binding protein will reduce 
the effective concentration of calmodulin present, in a manner related to the 
binding strength of the inhibitor. 
This concept of competition is extended in the displacement assay, in which 
labelled calmodulin is displaced from an immobilised calmodulin binding peptide 
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with a test protein. The ratio of bound to unbound calmodulin after incubation is 
a measure of the relative interaction strengths (Cox eta!, 1985). 
The conditions for in vitro analysis, in terms of blocking reagents, hybridisation 
solutions and most especially the preparation of the test material, are all critical. 
The presence of other divalent cations can effect the optimal pH, for example 
(Mills, et a!, 1988). They can be explicitly controlled by the experimenter in 
order to produce calmodulin binding, and as they may then be significantly non-
physiological, the demonstration of calmodulin binding will always be in 
question. However the presence of an in vitro interaction is generally considered 
to be of biological significance, although there is some debate on the point 
(DeGrado, eta!, 1987). 
1.6 The calmodulin binding interaction 
The molecular basis for the interaction between calmodulin and its target 
peptides has come under close scrutiny. It is of interest because despite the lack 
of conservation of target sequences and the type of forces involved (Zvelebil & 
Thornton, 1993), the interaction is a strong one with nanomolar KD values. 
1.6.1 Basic amphiphilic a-helices 
An early common feature identified in sequences known to bind to calmodulin 
was the ability to form cc-helices (reviewed in O'Neil & DeGrado, 1990). Closer 
examination of the sequences as they became known suggested the common 
usage of an amphiphilic cc-helix. In this structure, hydrophilic and hydrophobic 
amino acids are collected onto opposite sides of the helix. This can be observed 
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if the helix is represented either in an axial diagram (Figure 1-3), or with its 










Figure 1-3 Axial representation of the caimodulin binding helix of a)MLCK b)an 
artificial peptide (from 0 'Neil et a! 1987). ip is yellow, hydrophobic amino acids 
(Phe, Val, Leu, tie, Ala) are blue, basic residues (Lys, Arg) are red. Ser & Asti are 
black. 
In this latter representation (Figure 1-4), the three dimensional surface of the 
peptide is shown as a two dimensional graph, with the position along the helix 
given on the x-axis, and the position around the longitudinal axis of the helix 
given on the y-axis. When a number of peptides are shown in this fashion patches 
of hydrophobic amino acids are observed. It was proposed that these 
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Figure 1-4 Helical net representation of a) MLCK and b) an artificial peptide (from 
O'Neil et al 1987). The x-axis shows position along the helix, the y-axis, position 
around the helix (fill scale is 360 degrees). Colours as above (Figure 1-3). 
1.6.1.1 	Fluorescence and related studies 
Certainly, many calmodulin binding peptide domains appear capable of forming 
helices and several circular dichroism studies have demonstrated that the 
calmodulin binding peptide forms a helix in the calmodulin binding complex 
(Zhang & Vogel, 1994a; O'Neil & DeGrado, 1990). 
To test this hypothesis further, a series of artificial calmodulin binding peptides 
were constructed (O'Neil et a! 1987) with tryptophan at each successive 
position. Assuming that the helix as a whole is held in the same fashion in all of 
the complexes formed by this set of peptides, the tryptophan residue will point in 
different directions in different complexes. The emission spectra of tryptophan 
depends on the amount of water in its molecular environment, hence it can act as 
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Position of Trp in the helix 
Figure 1-5 	Fluorescence peak of Trp in a BAA-helix complexed with calmodulin. 
After 0 'Neil et al 1987. 
When the tryptophan is in a wet environment its emission maximum is at a 
wavelength about 340nm, but this becomes blue-shifted to lower wavelengths in 
hydrophobic regions. As the position of the residue in the helix was moved from 
the N to the C terminus, the blue shift varied between 5 and 25nm with a 
periodicity of between 3 and 4 (Figure 1-5). Since an a-helix contains 3.6 amino 
acids per turn, this would indicate (despite later evidence suggesting that 
tryptophan might be involved in determining the position of the calmodulin 
binding peptide within the complex) the presence of wet and dry domains on 
either side of the helix. 
A further refinement to the description of calmodulin's target helices is the 
charge observed. As might be expected due to the essentially acidic nature of 
calmodulin; the target helices are generally basic (O'Neil & DeGrado, 1990). 
Acidic residues are rarely observed. These basic domains can occur at either end 
of the helix. 
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X-ray scattering & FRET (Fluorescence Resonance Energy Transfer) analysis 
have suggested that the flexible tether formed by calmodulin's linking helix 
enables not only the subtle matching of the surfaces of calmodulin and its target 
peptides, but the usage of two related but distinct binding modes. When 
phosphdiesterase and phosphorylase kinase are bound, the two domain regions 
remain very much further apart than in complexes binding myosin light chain 
kinase (tvILCK) and calmodulin-dependent protein kinase (CDPK, summarised in 
Torok & Whitaker, 1994). Rao et a!, 1992, have modelled the binding of a 1 -
purothionine to calmodulin and suggested a type of binding interaction whereby 
two helices lie side by side in the groove created between the lobed domains of 
calmodulin. The extra distance required between the domains is easily facilitated 
by extension of the flexible tethering helix. 
The consequences of experimental data supporting this hypothesis are profound, 
as it suggests an entirely new class of calmodulin binding interaction. Previous 
data gathered on the specifics of the calmodulin interaction with its target 
peptides must be re-examined in cases where the protein in question may fall into 
this class. At present, only PDE, phosphorylase kinase & a 1-purothionine are 
suspected of binding in such a manner. It is also possible that some HIV surface 
glycoproteins have the facility to bind in this fashion (Srinivas et a!, 1993). 
Suspicion that a protein is a member of this class may arise by the observation or 
prediction of two amphiphilic helices close together (Dasgupta et a!, 1989). The 
possibility of a further, almost completely unpredictable subclass of binding 
protein cannot be ignored. In such a protein two helices which are close together 
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in the tertiary structure, yet widely separated in the secondary sequence; might 
come together to form a binding site. 
For the purposes of this review, where possible, attention will concentrate on the 
more common, and higher strength binding interaction typified by MLCK, 
CDPK and melittin. For reasons of nomenclature, this type of interaction will be 
referred to as Type or Class I, the double helix interaction proposed for PDE as 
Type or Class II and interactions showing Ca 2 sensitivity as opposed to 
dependence as Type or Class ifi (for example neuromodulin). 
Notably peptides in Class I will continue to inhibit the activation of PDE by 
calmodulin (e.g. Srinivas et a! 1993), so it seems that the same features of 
calmodulin are employed, albeit in an altered fashion, by this enzyme. Thus 
studies such as Zhang et a!, 1994, using mutagenised calmodulin to stimulate 
PDE can still throw light on Class I interactions, since mutations showing a 
phenotype must be affecting the same domain of calmodulin. 
Also, the component parts of the helix-pair proposed for Class II calmodulin 
binding proteins will still interact with calmodulin independently if expressed as 
peptides (Dasgupta et a!, 1989). Given that short peptides are unlikely to form 
paired helices, they must be interacting in a Type I fashion. Studies examining 
the binding avidity of these peptides therefore still throw light on the 
involvement of individual peptide amino-acids in Class I interactions. 
1.6.2 The hydrophobic moment 
The hydrophobic moment model (Eisenberg et al, 1982) has been used on 
numerous occasions to predict the location of the Basic Amphiphilic a—Helix 
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(BAA-helix) calmodulin binding site in proteins whose calmodulin binding 
activity has already been demonstrated. 
The method involves the calculation of the mean hydrophobicity of successive 
short peptide windows of the protein, on the assumption that they will form 
helices. On the same assumption, the hydrophobicity of each residue is 
represented as a vector. These vectors project from the longitudinal axis of the 
helix at 100 degree intervals. 
Whilst the assumptions made by this simple mathematical calculation leave 
considerable room for error, it can be observed that when helices of different 
behaviours are represented on a graph plotting mean hydrophobic moment 
against mean hydrophobicity, different behaviours fall into different regions of 
the graph. The more common representations express hydrophobicity as the 
Gibbs free energy associated with the transfer of a residue from the inside of a 
membrane to water, and plot this along the x-axis; and the hydrophobic moment 
along the y-axis (Figure 1-6). 
Transmembrane helices are noted to have high hydrophobicities. High 
hydrophobicities cannot support significant hydrophobic moments, and thus lie at 



















0 I I 



















0.2 	 4 
0.1 
-1 	0 
4 	1 	-8 	-6 	-4 	-2 	0 	2 	4 
c) Test peptides 	 d) Calmodulin binding 
domains 
Figure 1-6 	Hydrophobic moment plotted against mean hydrophobicity • for 
consecutive l2mer pep/ides through q)MLCK and b)ihe Myristolylated Alanine Rich 
C-Kinase Substrate (MAR(K,) c,)an artificial peptide ('triangles,) and masloparan 
(circle) d) the experimentally determined binding domains of MLCK and MARE'Kg 
Surface seeking proteins must demonstrate significant hydrophobic moments and 
not be excessively hydrophobic overall. Thus they are observed to lie at the 
centre top of the graph. 
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. 	A search for a specific plant homologue to a known animal calmodulin 
binding protein was conducted using redundant PCR. 
The recently developed yeast dihybrid system was used to search for 
calmodulin binding proteins from an Arabidopsis library. 
. 	The role of computation in the prediction of calmodulin binding domains 
based upon primary sequence information was re-examined in the light of 
the expanding understanding of the calmodulin binding interaction, and 
continuing developments in computational power available to researchers. 
• 	The role of calmodulin in a complex calmodulin binding environment was 
discussed. 
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2. MATERIALS & METHODS 
2.1 Abbreviations, buffers, media and solutions 
The following abbrevations are used in this chapter to refer to materials and 
solutions used. Unless otherwise noted, reagents were supplied by Sigma. 
Acrylamide (DNA gel): 40%(v/v) mixture of acrylamide: NN-
methylenebisacrlyamide (19:1 ratio). 
Acrylamide (Protein gel): 30%(v/v) mixture of acrylaniide: NN-
methylenebisacrylamide (37.5:1 ratio). 
BBL: 	 Plating top agarose; 0.7%(w/v) agarose in LB 
media. 
DNA loading buffer: 	20%(v/v) glycerol, 50mM TrisfHCl pH7.5, 
10mM EDTA, 0.06%(w/v) xylene cyanol FF, 
0.06% (w/v) bromophenol blue. 
LB media: 	 Bacterial rich growth medium; 1%(w/v) bacto- 
tryptone, 0. 5%(w/v) bacto-yeast extract, 
170mM NaCl, pH7.0. 
LB agar: 	 15% (w/v) agarose in LB media. 
LiAc: 	 Lithium acetate. 
M9: 	 Bacterial minimal growth medium; 50mM 
Na21HPO4, 20mM KH2PO4, 10mM NaCl, 
20mM NH4C1, 2mM Mg504, 0.4%(w/v) 
glucose, 0. 1 m CaC12 . 
PLB: 	 Protein loading buffer; 50mM Tris/HC1 pH6.8, 
100mM DTT, 2%(w/v) SDS, 0.1%(w/v) 
bromophenol blue, 10%(v/v) glycerol. 
non-denaturing PLB: 	PLB lacking DTT and SDS. 
SSC: 	 Saline sodium citrate buffer; a 20x stock 
solution is made up as 3M NaCl, 300mM 
sodium citrate, pH7. 
29 
SOC: 	 Bacterial recovery medium; 2%(w/v) 
bactotryptone, 0. 5%(w/v) bacto-yeast extract, 
10mM NaCl, 2.5mM KC1, 10mM MgC12 , 
20mM glucose. 
TBE: 	 (lOx stock): 0.89M boric acid, 0.89M Tris 
base, 25mM EDTA. 
TBS-CM: 	 50mM TrisfHCl pH7.5, 200mM NaCl, 500mM 
CaCl2, 50mM MgCl2 . 
TCA: 	 Trichioracetic acid. 
TE: 	 10mM Tris/HC1, 1mM EDTA. 
YPDA: 	 Yeast rich growth medium; 2%(w/v) Difco 
peptone, 1%(w/v) yeast extract, 2%(wlv) 
glucose. 
YMM: 	 Yeast minimal medium; 0.67%(w/v) Difco 
minimal nitrogen base (#0919-15-3), 2%(wlv) 
glucose. 
2.2 Growth and maintenance of Escherichia coli 
XL-1 Blue and BL21(DE3)pLysS cells were used in this work. Original lines 
were supplied by Stratagene. 
E. coil were stored on stabs of LB agar at room temperature for up to six 
weeks. Samples were grown in 5m1 aliquots of LB broth at 37°C overnight and 
shaken at 220rpm. Plates were made of LB agar containing 15%(w/v) agar, and 
when required antibiotics were used at the following concentrations; ampicillin, 
400.tg/ml; tetracyclin, 40p.g/ml; chloramphenicol 135p.gIml. Plates used for 0-
galactosidase detection of genetic manipulation included 20.tg/ml of X-gal and 
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200tWm1 IPTG. Larger, liquid cultures were grown in vessels at least 5 times 
larger than the volume of medium. 
2.3 Growth and maintenance of Saccharomyces cerevisiae (after Sambrooke et 
a!, 1989). 
HF7c cells were prepared from commercial aliquots stored at -80°C 
(Stratagene) and Y190 cells from chilled cultures (from the Arabidopsis 
Biological Research Centre, Ohio State University) by being streaked onto 
YPDA plates and incubated at 30°C for three days. Plates were prepared from 
both YPDA and "(IVIM with 15g/1 agar. Colonies were propagated in liquid 
cultures of 5-15m1 in screwtop centrifuge tubes at 30°C with vigorous shaking 
for 24-48 h. 
Selective media were prepared from YMIIVI minimal base, with amino acids 
added as required at 25mg/l each. Two sets of minimal media were used during 
the project, one including isoleucine, valine, adenine, arginine, lysine, 
methionine, phenylalanine, threonine, tyrosine and uracil; the other only adenine, 
lysine, and uracil. No significant difference in growth characteristics were 
observed when the two mixes of amino acids were used. 
2.4 Preparation of plasmid DNA from E. coli 
Plasmid DNA was prepared from E.coli by one of two methods. 
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2.4.1 Crude preparations (after Sambrook et a!, 1988). 
Small scale preparations of DNA for restriction digestion and rapid analysis of 
transformed colonies were made using alkaline lysis and phenol: chloroform 
extraction. 1.5-3.Oml of overnight culture was centrifuged for 5min at 13400xg 
and the supernatant removed. The cells were resuspended in lOOj.tl 50mM 
glucose, 25mM Tris/HC1 pH8, 10mM EDTA and 2001.11 of freshly made lysis 
solution (10%(w/v) SDS + 200mM NaOH) added. The vials were inverted and 
1501.11 of 3M potassium acetate (pH4.8 with acetic acid) solution added, then 
the sample inverted and left on ice for 10mm. The samples were then 
centrifuged for 10mm at 13400xg and the supernatant collected. 500i.tl of 
phenol was added, then the sample shaken and centrifuged for 5min at 13400xg. 
1 ml of chloroform was added and the sample shaken and centrifuged for 1 min at 
13400xg. 
Finally, the sample was precipitated with lml of 100% ethanol and centrifuged 
for 15min at 13400xg. Further washes with 70%(v/v) ethanol were carried out 
as required. 
2.4.2 Pure preparations 
For plasmid DNA to be used for sequencing and for digestion with less efficient 
endonucleases, commercial small scale preparations were utilised as supplied by 
Qiagen (27104) and Promega (A1270). Instructions provided were followed 
without modification. Both systems use an alkaline lysis based on the method 
described above, and purification of the plasmid on affinity columns. The 
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Qiagen system was used for endA strains, such as XL-1 Blue, and the Promega 
system, which includes an alkaline protease used after the cells have been lysed, 
for endA + strains, such as BL2 1. 
2.5 DNA preparation from Saccharomyces cerevisiae (Beggs, University of 
Edinburgh, pers. Comm.) 
The preparation of plasmid DNA from S. cerevisiae depends upon the existence 
of shuttle vectors which are maintained in both yeast and bacteria. A whole 
DNA preparation is made, and the DNA used to transform bacteria. Intact 
shuttle vector plasmid DNA is taken up by the bacteria and maintained. The 
plasmid is then purified from a bacterial culture. 
Yeast were grown overnight in 5m1 of YPDA, and pelleted for 5min at 
13400xg. They were resuspended in 0.5m1 of 1M sorbitol 0. 1M EDTA pH7.5. 
lOunits of liticase were added and incubated for 60min at 37°C. The cells were 
pelleted at 13400xg for Imin and resuspended in 50mM Tris/HCI pH7.4, 20mM 
EDTA. 50p.1 of 10%(w/v) SDS were added and mixed, then incubated at 65°C 
for 30mm. 200p1 of 5M potassium acetate were added and the tube stored on 
ice for 60mm. 
The mixture was centrifuged for 5min at 13400xg and the supernatant added to 
1 volume of isopropanol at room temperature. After 5mm (at room 
temperature), the tube was centrifuged for 5min at 13400xg and the supernatant 
discarded. The pellet was resuspended in 300i.ii 10mM TE pH7.4, and 
reprecipitated by adding 301.11 3M sodium acetate and 2001.11 isopropanol, was 
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centrifuged at 13400xg for 5mm, and the pellet again resuspended in 300tl TE 
pH7.4. The resultant DNA was used to transform E. éoli, with yeast shuttle 
vectors being able to propogate in the host bacteria. 
2.6 Genomic DNA preparation from Nicotiana plumbaginjfolia (after 
Dellaporta, 1983) 
DNA was prepared from plant material by alkaline lysis. 1-2g of tissue was 
collected and ground up in liquid nitrogen. This was mixed with 4.5m1 of 
100mM TrisfHCl pH8.5, 100mM NaCl, 20mM EDTA, 1%(v/v) 
3—mercaptoethanol to thaw. Six aliquots of 750pi were made up. To each 
sample lOOpi of 10%(w/v) SDS were added. This was incubated at 60°C for 
20mm, then centrifuged for 5min at 13400xg and the supernatant collected. To 
this was added 250i.tl of 5M KAc, which was placed on ice for 10mm, and 
centrifuged for lomin at 13400xg. The supernatant was collected and 600m1 of 
isopropanol was added. The sample was kept at 70°C for 10min and centrifuged 
for 20min at 13400xg. The pellet was resuspended in 70041 of water and 7541 
of 3M NaAc and 500.tl of isopropanol added. After 10min at room 
temperature, this sample was centrifuged for 10min at 13400xg and the pellet 
resuspended in 5041 of water or TE. 
2.7 The transformation of E.coli with plasmid DNA. 
A number of methods were used successfully to introduce plasmid DNA into 
bacteria. 
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2.7.1 Heat shock 
2.7.1.1 CaC12 (after Sambrook' ci a!, 1989). 
50m1 of LB media were inoculated with lml of an overnight culture. This was 
incubated with shaking at 220rpm at 37°C for 2h. 1 .5m1 aliquots were taken and 
centrifuged for 5min at 13400xg. The pellet was resuspended in 250pi of 50mM 
CaC12. These samples were placed on ice for 20 min and then centrifuged at 
13400xg for 5mm. The pellet was resuspended in 80i.tl 50mM CaC1 2 and stored 
on ice for 20mm. 
20p.l of TE or water containing the DNA to be introduced was then added to 
the cells and the mixture heat shocked in a water bath at 42°C for 2mm. lml of 
LB medium was then added and the cells allowed to recover at 37°C for ihour. 
The cells were then plated at the desired concentrations, on LB agar containing 
the required selective antibiotics. 
2.7.1.2 RbC12 (after Oliver, University of Edinburgh, pers. comm.) 
Competent cells were produced from a 5m1 overnight culture of E. co/i XL-1 
blue. The culture was used to inoculate lOOmi of LB media and grown to an 
0D600 of 0.3-0.4. The cells were then chilled on ice and centrifuged at 2000xg 
for 7mm. 
The cells were resuspend in 40mi of ice cold 30mM KAc, 100mM RbC1 2 , 
15mM CaC12, 50mM MnC12, 1 5%(v/v) glycerol (pH5 .8 using acetic acid); and 
left for 5min on ice, then centrifuged at 2000xg for 7min and resuspended in 
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4m1 of ice cold 10mM MOPS, 100mM CaC1 2, 10mM RbC12, 15%(vlv) glycerol 
(pH6.5 using KOH). They were left on ice for 15min and 100j.il aliquots frozen 
in liquid nitrogen. The aliquots were stored at -80°C and thawed on ice 
immediately before use. 20pi of TE or water containing the DNA to be 
introduced were then added to each aliquot and the cells heat shocked in a 
water bath at 42°C for 90sec. I ml of LB media was then added and the cells 
allowed to recover at 37°C for 1 hour. The cells were then plated at the desired 
concentrations. 
2.7.2 Stratagene 
For a protein expression system, Epicurean BL21(DE3)pLysS cells were 
purchased from Stratagene (200132) and transformed using the protocol 
provided. For a guaranteed high efficiency system for the recovery of yeast 
shuttle vectors Epicurean Coli Electro-competent XL-1 Blue (200228) were 
purchased from Stratagene, and transformed using the protocol provided. 
2.7.3 Electroporation (after Manufacturer's instructions). 
Electrocompetent bacterial cells were produced by innoculating 11 of LB 
medium with 1 Omi of cells grown overnight. The culture was incubated at 37°C 
until the OD600 was approximately 0.6, when the culture was chilled on ice for 
30min and centrifuged at 4°C, at 4000xg for 1 5mm. 
The medium was poured off, and the cells resuspended gently in 11 of ice cold, 
sterile, 10%(v/v) glycerol. This was centrifuged at 4°C, 4000xg for 15mm. The 
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cells were resuspended in 500m1 of ice cold 10%(v/v) glycerol, and centrifuged 
at 4000xg for 1 5mm, again at 4°C. The cells were finally resuspended in 20m1 
of ice cold 10%(v/v) glycerol and aliquoted into 100.tl aliquots and stored at - 
70°C. 
40.tl samples of the aliquots were thawed on ice and up to 2i.ii  of water, TE or 
buffered glycerol solution containing the DNA to be transformed was added. 
The cells were incubated for 10-30min on ice, then transferred to an ice cold, 
0.1mm gap electroporation cuvette. The cells were electro shocked on a Biorad 
Gene Pulser (165-2098) set at 1.8kV, 2000, 25pF; and lml of SOC media 
added immediately. The cells were quickly transferred to 37°C for ihour before 
being plated at the desired concentrations. 
2.8 The transformation of Saccharomyces cerevisiae with plasmid DNA. 
Genetic engineering of S. cerevisiae was carried out essentially according to the 
Stratagene Matchmaker yeast dihybrid kit manual (#PT1265-1). 
2.8.1 Transformation with a single plasmid 
Transformation with specific plasmids was carried out to introduce either a 
single plasmid into yeast, or a pair of known plasmids. 
A single colony of Y190 or HF7c S. cerevisiae cells was grown up into 20mi of 
YPDA medium at 30°C with vigorous shaking overnight. This was added to 
250m1 of YPDA medium and shaken for 3 h at 30'C. The cells were centrifuged 
at 1000xg for 10min and resuspended in 25mi of sterile ddH20. They were then 
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recentrifuged at 1 000xg for 5min and resuspended in 1 . 5m1 of 10mM TrisfHCl 
pH 7.5, 10mM EDTA, 100mM LiAc. 
Approximately 0.1 p.g of each plasmid DNA was mixed with approximately 
lOOj.tg of salmon ovary DNA and 600R'  40%(w/v) PEG (MW 4000kDa), 
10mM TrisfHCl pH 7.5, 10mM EDTA, 100mM LiAc. 
To this mixture were added 10O.tl of cells prepared as above, and the whole 
incubated at 30°C for 30min with occasional mixing. 
70t.tl of DMSO was added and the cells gently mixed. They were then heat 
shocked in a water bath for 15min at 42°C. To recover, the cells were chilled on 
ice and centrifuged for 5sec at 13400xg, before being resuspended in 500p.l of 
10mM TrisfHCl pH 7.5, 10mM EDTA. 
The resuspended cells were plated immediately at various concentrations and 
the plates incubated face down for 2-3 days at 30°C. 
2.8.2 Transformation with a library 
Transformation with a cDNA library was carried out to introduce a 
representative population of the library's inserts into yeast. 
A single colony of Y190 or HF7c yeast cells, already transformed as above with 
the bait plasmid pY-CAM4 (see Chapter 6), was grown up into 1 Omi of YPDA 
medium at 30C with vigorous shaking overnight. These cells were grown up 
into 200mi of YPDA medium at 30°C with vigorous shaking overnight. This 
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was added to 11 of YPDA media and shaken for 3 h at 30°C. The cells were 
centrifuged at 1000xg for 10min and resuspended in 500m1 of sterile ddH 20. 
They were then recentrifuged at 1 000xg for 5min and resuspended in 20m1 of 
10mM Tris/HC1 pH 7.5, 10mM EDTA, 100mM LiAc. 
Between 100mg and 500mg of library DNA was mixed with approximately 
10mg of salmon ovary DNA and 600m1 40%(w/v) PEG (MW 400 OkDa), 
10mM TrisfHCl pH 7.5, 10mM EDTA, 100mM LiAc. This mixture was added 
to the cells prepared as above, and incubated at room temperature for 30mm. 
17.6m1 of DMSO was added and the cells gently mixed. They were then heat 
shocked in a water bath for 6min at 42°C with mixing. To recover, the cells 
were cooled in a water bath at room temperature and centrifuged for 10min at 
1000xg, before being resuspended in 50m1 of 10mM TrisfHCl pH 7.5, 10mM 
EDTA. 
They were then centrifuged at l000xg for 5 min and resuspended in 11 of YPDA, 
before being incubated at 30°C for ihour with vigorous shaking. After this 
period the cells were recentrifuged at 1000xg for 5min and resuspended in 50mi 
10mM TrisIHCl pH 7.5, 10mM EDTA before being centrifuged at 1000xg and 
resuspended in lOmi 10mM Tris/HC1 pH 7.5, 10mM EDTA. 
The resuspended cells were plated at 200tl per 90mm or 150mm plate and the 
plates incubated face down for 2-8 days at 30'C. 
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2.9 Techniques involving DNA 
Numerous techniques to manipulate DNA were used, essentially following the 
methods described in Sambrook et a!, (1989) (refers to all section 2.9). 
2.9.1 Restriction digestion of DNA 
2-20 units of restriction endonuclease were added to the sample DNA, along 
with sufficient of the correct manufacturer's buffer to give a lx solution. The 
amounts of DNA varied, typically 0.1-10mg. The mixture was incubated at the 
appropriate temperature for the enzyme, typically 37'C, for varying lengths of 
time from 30min to 16 h, typically one hour. 
Restriction endonuclease activity was stopped either by agarose gel purification 
or heat treatment of the sample to 100°C for 10mm. 
2.9.2 Ligation 
Ligation of DNA fragments was carried out by incubating a mixture of T4 DNA 
ligase (0.5units) with the manufacturers buffer, and DNA, at 15°C for 3-16 h. 
Different manufacturer's ligases were used. 
The amounts of DNA varied depending on the nature of the DNA ends. 
Generally, a large excess of insert compared to vector was used. When one or 
more blunt ends was involved, a final concentration of 1 5%(w/v) PEG (MW 
8000kDa) was included in the reaction mix. 
After incubation, the mix was used to transform bacteria (see section 2.7). 
40 
2.9.3 End labelling 
Labelling mix was prepared with lOOpmoles of PCR primer DNA, 20units of 
bacteriophage T4 polynucleotide kinase, and 150pmoles of [7- 32P]ATP at 
3000Ci/mmole. The whole was made up in 50mM TrisHCl at pH7.6, 10mM 
M902, 5mM DTT, 0.1mM Spermidine HC1, 0.1mM EDTA and incubated at 
37°C for 30mm. 
The mixture was purified with phenol: chloroform extraction as described in 
section 2.4.1, followed by two rounds of precipitation with two volumes of 
ethanol and centrifugation at 1 3400xg for 1 5mm. The sample was dried and 
resuspended in water. 
2.9.4 Random priming 
5-10pg of plasmid DNA, 5mM of each of dGTP, dTTP & dATP, 90mM 
HEPES, 10mM M902, 20mM DTT, 20p.g of BSA, 2 units of kienow fragment 
of DNA polymerase and 3j.i.l of 32P a—labelled dCTP was made up to 20pi with 
ddH20 and incubated at 37°C for 1 hour. The probe was separated from any 
unlabelled nucleotides on a Sephdex G50 size exclusion column with TE buffer, 
and stored at -20°C. 
2.9.5 Dideoxynucleotide sequencing 
Sample DNA was prepared by the pure miniprep techniques described in section 
2.4.2. NaOH was added to a concentration of 330mM. After 20min at room 
temperature, the DNA was desalted on a centrifuged size-exclusion column 
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(Sephadex G50). The DNA was mixed with annealing buffer to a concentration 
of 5-10i.M, and 0.3pmole of primer per reaction was added. The sample was 
stored at 4°C. 
Labelling mix was prepared with Kienow (1 .5units per reaction), the 
appropriate manufacturer's buffer, 4RCi  of 35 S-dCTP per reaction, and dNTP's 
to 2.5mM. 
The DNA sample was split into four 2.5pi aliquots and each was mixed with 6p.l 
of labelling mix for 5min at room temperature. 4.5p.l was then added to 2.5j.tl of 
termination mix (labelling mix containing one of the four ddNTP terminator 
nucleotides at 1-5mM). After 5min at 37'C, 5i.i.l  of Stop buffer (10mM EDTA, 
0. 1%(w/v) xylene cyanol FF, 0. 1%(w/v) bromophenol blue, in formamide) was 
added, and the mixture frozen at -20°C , until run on a PAGE gel (section 
2.10.3). 
2.9.6 Automatic sequencing 
Automated sequencing was carried out using a kit purchased from Perkin Elmer 
(402079). The method supplied by the manufacturer was followed without 
modification. The samples were produced on a Hybaid Omni-Gene intelligent 
PCR heating block and run on an ABI Prism 377 sequencing gel. Sequences 
were recovered using Editview run on a Macintosh 8200/120, and transferred to 
(CG8 or ()CG9 running on a Unix machine. 
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2. 10 Electrophoresis (after Sambrook:. et a!, 1989) 
2.10.1 DNA on agarose 
DNA sample analysis was carried out using 0.8-3.0%(w/v) agarose gels 
buffered with TBE. Gel volumes from 5m1 meniscus gels to lOOml slab gels 
were used. Samples were loaded in DNA loading buffer and a lj.tg sample of 
1kb marker ladder (GibcoBRL #15615-016) was loaded on each gel. Gels were 
visualised by pre-mixing the gel (before casting) with ethidium bromide at 
approximately 0.5p.g/ml, and viewing the gel under UV light. 
2.10.2 Elution of DNA from agarose gels 
DNA was eluted from agarose gels via DEAE membranes (45ij.m, Scheiler & 
Schuell, 417004). The gel was loaded with a spare lane alongside the sample 
lane. After the gel had run far enough to be visualised and for the chosen band 
to be clearly separate from other bands, a block of agar alongside the band was 
removed and a small piece of DEAE membrane as wide as the band inserted. 
The block was then replaced, and the gel rotated through 90 degrees and 
electrophoresis continued to run the band onto the membrane. Complete 
collection of the band was visualised under UV light. 
The DNA was washed from the membrane in 1.5M NaCl, 100mM Tris/HC1 
pH8.0 at 65°C for 15mm. The resulting sample was purified either by washing 
in phenol: chloroform as described section 2.4.1, and three times in a large 
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excess volume of 70%(v/v) ethanol; or by the Qiagen minipreps as described in 
section 2.4.2. 
2.10.3 DNA on polyacrylamide (sequencing) 
Two gel mixes were prepared: Heavy (2.5xTBE, 6%(v/v) DNA aciylamide mix, 
8M urea, 0.04% (w/v) ammonium persuiphate, 0.2% (v/v) TEMIED, 10% (wlv) 
sucrose); and Light (0.5xTBE, 6% (v/v) DNA aciylamide mix, 8M urea, 0.04% 
(w/v) ammonium persuiphate, 0.2% (v/v) TEMED). A gradient gel was poured 
using the two mixes. 
Gels were run in 1xTBE at 37W. Fixing was carried out in 11 of 10% (v/v) 
acetic acid, 10% (v/v) methanol for 15mm. Gels were then dried at 80C under 
vacuum for 30niin, and exposed to Kodak Biomax MR (#871 5187) 
autoradiography film overnight. 
2.10.4 Denaturing protein gels 
SDS-PAGE gel mix was prepared after Sambrook eta!, (1989). Resolving gels 
were varying concentrations of protein aciylamide mix in 100mM Tris (pH 8.8). 
Stacking gels were 5%(v/v) solutions of protein acrylamide mix in 150mM Tris 
(pH 6.8). The gel running buffer used was 50mM Tris, 400mM glycine, pH 8.3. 
Samples were mixed with an equal volume of PLB and heated to 99°C for 2mm 
before loading. 
Gels were run at 40mA for 30-90mm, and fixed in 30% (v/v) methanol, 10% 
(vlv) acetic acid, for 1 hour. 
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2.10.5 Ca 2+  induced bandshift gels 
Gels demonstrating the variable motility of calmodulin under Ca 2 binding and 
Ca2 free conditions were run using the SDS-PAGE method described in section 
2.10.4. Samples intended to be Ca2 free were mixed with 2mM EDTA before 
being loaded onto the gel. 
2.10.6 Non-denaturing protein gels 
Resolving gels were 15% and 20%(v/v) solutions of protein acrylamide mix in 
100mM Tris (pH 8.8). Stacking gels were 5%(v/v) solutions of protein 
acrylamide mix in 150mM Tris (pH 6.8). The gel running buffer used was 
50mM Tris, 400mM glycine, pH 8.3. The pH of all Tris solutions was adjusted 
with HC1. 
The gels, were cast in a mini-gel casting system, to give 8cmx6cmx0.75mm gels. 
The gels were run at 25mA constant current. 
Samples were prepared in non-denaturing PLB. 20p.l samples were loaded. 
2.10.7 Peptide induced bandshift gels 
4j.tl samples of calmodulin were mixed with varying amounts of calmodulin 
binding peptides. The samples were allowed to equilibrate for 30min at room 
temperature, and then run on non-denaturing gels as described in section 2.10.6. 
2.10.8 Visualisation of protein gels 
Protein gels were visualised with one of two methods. 
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Coomassie blue staining was carried out after the method of Sambrooke et a!, 
1989, by soaking the gel in 45%(v/v) methanol, 1 0%(v/v) acetic acid containing 
2.5mg/mi Coomassie blue for 30mm. The gel was then transferred into a large 
volume of 45%(v/v) methanol, 10%(v/v) acetic acid overnight. The gel was 
then dried onto Whatman 3MM paper at 80°C under vacuum. 
Silver staining was carried out using a kit purchased from Sigma (AG-5 & AG-
25). The instructions were followed without modificaton. Gels were dried onto 
Whatman 3MM paper at 80C under vacuum. 
2.10.9 lElectroblotting of protein gels 
Proteins from PAGE gels were transferred to nitrocellulose membranes 
(Hybond-C) using a Biorad semi-thy electroblotter at 3mA.cm 2 and a maximum 
potential difference of 25V. The manufactuer's protocol was followed, with a 
buffer consisting of 25mM Tris, 192mM Glycine, 20%(v/v) Methanol. The 
filters were probed with Ni 2 conjugated horseradish peroxidase from Qiagen, 
with the manufacturer's probing protocol followed. Colour was developed in a 
solution of 3.7mM Di-amino-benzidine and 90ppm hydrogen peroxide in 0. 1M 
Tris/HC1 pH 7.5, and quenched in an excess of water. 
2.11 Expression of calmodulin 
Calmodulin was prepared from the pCAMEX expression vector (see chapter 4) 
using the 17 polymerase expression system in BL21(DE3)pLysS. A colony of 
this expression host containing pCAMEX was grown overnight in LB medium 
containing amplicillin at 400p.g/ml and chloramphenicol at 135g/mi. The 
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overnight culture was diluted to an 0D 600 of 0.3 in selecting media and grown 
until the 0D600 reached 0.7-0.9. IPTG was added to a concentration of 4mM at 
this stage and the cells grown for one hour. At this point 200p.g/ml rifampicin 
was added and the cells grown for a further 2-3 h. A 5001.11 sample was taken 
before harvesting and radiolabelled with 0.5p.Ci of 35 S-methionine to check 
expression of the correct product. 
The cells were harvested by freeze thawing through one or two cycles in liquid 
nitrogen, and centrifugation at 13400xg. Although the protein product was 
found in both the insoluble and soluble fractions of the harvest, there was 
sufficient in the soluble fraction to discard the insoluble material. 
2.11.1 Purification of calmodulin 
The crude preparation of calmodulin from the cellular harvest was centrifuged 
for 30min at 13400xg to clarify the solution, and was loaded onto pre-
equilibrated W7 agarose columns (after Collinge, 1988). The column was 
washed until the absorbtion of the wash buffer at 276nm was constant. The 
protein was eluted using 1mM EGTA which was then titrated with 5mM CaC12 . 
Equilibration and washing solutions were 20mM MIES-NaOH, pH7, 300mM 
NaCl, 1mM f-mercaptoethanol with 1mM CaCl2 added. Elution solution was 
the same buffer with 1mM EGTA in the place of the CaCl 2 . 
Eluted fractions were examined by spectrophotometry at 276nm and the most 
concentrated pooled. Calmodulin identity was confirmed using Ca 2 bandshifi 
behaviour on SDS-PAGE gels. 
2.11.2 PDE assay of caLmodulin activity 
The phosphodiesterase (PDE) assay of calmodulin activity was used (Coffinge 
1988) to demonstrate that active calmodulin had been synthesised. 0.005units of 
activator deficient phosphodiesterase was diluted in 'activating' and 
'inactivating' buffers, consisting of 40mM Tris-HCI, pH8, 0. 1 m MnC12, and 
either 1mM CaC1 2 or 5mM EGTA, respectively. Dilutions of calmodulin 
preparation (lx, 0. lx, 0.01x, and water control) were added to aliquots of each 
buffered enzyme. 2mM cAMP was added to bring the volume to 500pJ. The 
reaction mix was incubated at 30°C for 10min and terminated at 100°C for 
3 mm. 
After equilibration to room temperature, 0.1mg Crotalus atrox (western 
diamondback rattlesnake) venom in 50.tl of water, was added. This contains a 
5'nucleotidase which removes the now linearised phosphate groups from the 
phosphodiesterase reaction product. This was carried out at 30°C for ten 
minutes and terminated with the addition of 3.37M TCA. The amount of free 
phosphate was assessed after centrifugation with the addition of 750t.tl of water 
with 10mM ammonium molybdate in 2.5N H2SO4, and 501.Ll of Fiske & 
Subbarow reducer. The colour which developed was assessed by eye and a 
comparison made with the water control and 'active' and 'inactive' samples. 
2.11.3 Expression of S labelled calmodulin 
A lOmi stock solution of radiolabelling mix was prepared containing M9 
minimal media salts, 200p.g/ml nfampicin, 4mM IPTG, and lmCi of 35S- 
methionine. An overnight cell culture of BL21(DE3)pLysS was diluted in M9 
minimal media containing 400tg/ml ampicillin and 135tg/ml chioramphenicol 
to an 0D600 of 0.3-0.4. This was grown at 37°C until the 013 600 reached 0.7-0.9 
and the cells were centrifuged at 2000xg for 2mm, and the medium poured off. 
The cells were quickly resuspended in the stock labelling mix which had been 
prewarmed to 37°C, and incubated at 37°C for 3-4 h. 
The cells were harvested by centrifugation at 13400xg for Imin and the media 
removed and frozen. The cells were washed in M9 medium twice and the wash 
discarded as radioactive waste. The cells were then frozen and thawed twice, 
and the debris removed by centrifugation at 13400xg for 30mm. The soluble 
fraction was purified on W7 agarose (section 2.11.1) and stored at -20°C. 
2.12 Screening of cDNA libraries 
2.12.1 cDNA Library screening by DNA hybridisation (after Sambrooke el a!, 
1989) 
2.12.1.1 Production ofplating cells 
An innoculant of E. co/i XL-1 blue cells, in LB media with 0.2%(w/v) maltose 
and 10mM MgSO4 was grown overnight. The cells were centrifuged at 
13400xg for 3min and resuspended in 10mM MgSO4. The 0D600 was adjusted 
to 0.5, and the cells stored at 4°C for up to one week. 
2.12. 1.2 Screening the library 
An aliquot of library phage was added to an aliquot of plating cells. The amount 
of phage added was calculated on the basis of the sample's titre of plaque 
forming units (pffi). The amount of cells was based on the number of plates 
which were to be used. 
2001.1.1 of cells were added to 5ml of liquid BBL top agar at 47°C, and the 
mixture rapidly mixed by rotation. Care was taken to prevent the introduction of 
any bubbles into the agar. The agar and cells were then poured over 150mm 
square set BBL bottom agar plates. The top agar was allowed to set, and the 
plates transferred top down to 42°C overnight. 
Nitrocellulose filters (Hybond-C, Amersham) were cut to size, numbered, and 
laid across the developed plaques for 5mm. They were then transferred, DNA-
supporting side up, onto Whatman 3MM blotting paper soaked in 1.5M NaCl, 
500mM NaOH for 5mm. They were then transferred onto blotting paper soaked 
in 1.5M NaCl, 500mM TrisfHCl pH 8 for 5mm, and finally to blotting paper 
soaked in 20xSSC. At this stage any agar remaining was gently removed with a 
glass pasteur pipette. 
The filters were dried on dry Whatman 3MM paper for 30min before being 
baked at 80°C in a vacuum oven for ihour. They were then stored in the dark. 
Hybridisation with end-labelled or randomly primed probes was carried out after 
wetting the filters in 2xSSC. Blocking was carried out in 3xSSC containing 
0.25%(w/v) non-fat dried milk, 1%(w/v) ficoll, 1%(w/v) PVP, and 1-3%(w/v) 
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boiled herring sperm DNA for 2h at hybridisation temperatures between 40°C 
and 65°C. Between 105 and 106cpm of single stranded probe was added (end-
labelled PCR primer probes were used untreated, random-primed probes were 
boiled for 5min and chilled before being added). Hybridisation was allowed to 
proceed for 2-8days, and the hybridisation buffer stored at -20°C. 
Two 1-1.5hour washes in 1xSSC and 0. 1%(w/v)SDS were carried out at 
temperatures from 50-70°C. The filters were then dried on paper towels at 
room temperature and exposed to Kodak Biomax MR autoradiography film for 
one or two nights. 
2.12.2 Expression of cDNA expression libraries (after Fordham-Skelton et a!, 
1995). 
Plates, plating cells and top agar were prepared as in section 2.12.1.2. The agar 
and cells were then poured over 150mm square set BBL bottom agar plates 
which had been prewarmed to 42°C. The top agar was allowed to set, and the 
plates transferred top down to 42°C for 3-4 h. 
When very tiny plaques were visible, the plates were overlaid with nitrocellulose 
filters which had been presoaked in 10mM IPTG and allowed to thy. The plates 
were then transferred to 37°C and allowed to incubate overnight. 
The plates were then transferred to 4°C for 30min and the filters pricked with a 
large bore syringe needle in three locations and removed to 50mM Tris/HC1 
pH7.5, 200mM NaCl, 500mM CaC12, 50mM MgCl2  (TBS-CM buffer). From 
this point on the filters were handled plaque face up. 
51 
2.12.2.1 Probing of expression library plaques using 35S labelled calmodulin (after 
Fordham-Skelton pers. Comm. and Reddy eta!, 1993) 
Blocking of the filters was performed in TBS-CM with 10%(w/v) non fat dried 
milk powder, at room temperature for 1 hour. 
The filters were transferred to a minimal volume of TBS-CM containing 
1 0%(w/v) non fat dried milk and 1 jig/mI of radiolabelled calmodulin. This 
volume was approximately 1 5ml for a 20cm square filter. The filters were then 
allowed to hybridise for 1 to 3 h at room temperature, and the hybridisation 
buffer poured off and stored at -20°C. The filters were rinsed in TB S-CM and 
the rinsing solution (and all subsequent washing solutions) treated as radioactive 
waste. 
The filters were washed in 1 to 3 washes of TBS-CM containing 0.01-
0. 1%(v/v) of Tween-20 or Triton X-100 detergent for 30-180min at room 
temperature. 
The filters were exposed to Kodak Biomax MR autoradiography film for 
periods from 40h to 2weeks. The images were developed using a X-ograph 
Compact X-2 automatic developer. 
2.12.2.2 Probing of expression library plaques using biotiny!ated calmodulin (after 
Fordham-Skelton et a!, 1995 and pers. comm.) 
The filters were blocked in TBS-CM buffer, with 3% (w/v) Type A porcine skin 
gelatin from Sigma (G-2500). The blocking was allowed to proceed for 1 hour 
at 30°C. 
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The filters were then transferred to TBS-CM buffer containing 0.5-1%(v/v) 
Vectastain avidm blocking reagent (SP-2001) for 45min at 3 00C. They were 
then rinsed in TB S-CM containing 0. 1%(v/v) Tween-20. This was followed by 
a 45min incubation in TBC-CM containing 0.5-1%(v/v) Vectastain biotin 
blocking reagent (SP-2001) at 30°C. The filters were finally rinsed three times 
in TBS-CM. 
The filters were challenged with biotinylated calmodulin in the smallest possible 
volume of TB S-CM containing 300ng/ml biotinylated bovine brain calmodulin 
(Signal Transduction Inc., P0318) and 1%(w/v) type A porcine skin gelatine for 
3 h at 30'C. After this incubation the filters were rinsed with TB S-CM, then 
with TBS-CM containing 0.05%(v/v) Tween-20, then TBS-CM. 
Bound calmodulin was detected with the Vectastain ABC-HRP (Avidin-biotin 
complex, horseradish peroxidase) kit, following the manufacturer's instructions. 
The peroxidase substrate used was 3.7mM Di-amino-benzidine, 1.7mM NiC1 2, 
and 90ppm hydrogen peroxide in 0. 1M Tris/HC1 pH 7.5. Colour was allowed to 
develop for 30-120sec, and the reaction quenched in an excess of water. 
Whilst there were repeatable differences between positive plaques the the 
background signal generated by other plaques, images taken of the filters using 
a CCD (charge coupled device) camera, a flatbed scanner or conventional 
photography were contrast enhanced to increase the ease with which positives 
could be detected. 
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2.13 Polymerase Chain Reaction 
Polymerase chain reaction (PCR) amplification of DNA was performed using a 
Hybaid Omni-Gene intelligent PCR heating block. The reaction was performed 
in a solution of 10mM TrisfHCl pH 9, 40mM NaCl, 50mM KC1, 0. 1%(v/v) 
Triton X-100, 0.2mM of each dNTP. M902 concentrations from 2 to 25mM 
were used in various experiments. Promega Taq Polymerase (M1868) was used, 
with the commercial MgC1 2-free lOx buffer (M1901). Template DNA at ing per 
reaction was resuspended in double distilled water for PCR, rather than TE 
buffer. 
A number of different temperature cycles were utilised. Melting times were 
commonly 30sec at 94°C; annealing temperatures from 35°C to 50°C, with 
annealing times from 60 to 120sec; and extension times 30 to 120sec at 72°C. A 
reaction start temperature cylce of 4min at 94°C was used, and the reaction 
allowed to fall to room temperature before storage at -20°C. 
2.14 Computation 
DNA and protein sequences were analysed on GCG versions 7 to 9. All 
parameters within search engines, FASTA and TFASTA homology searches 
and structural prediction routines, were set at default values (Wisconsin 
Package Version 9.0, Genetics Computer Group (GCG), Madison, Wisc.). 
Modelling of the calmodulin binding interaction was performed using MS-DOS 
QBasic (Microsoft) and MS-Excel VisualBasic (Microsoft). Images of proteins 
were generated by RasMol, (v2.6, Sayle, 1995). 
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3. SEARCHING FOR A PLANT HOMOLOGUE TO MARCKS. 
3.1 Sequence conservation in calmodulin binding proteins 
Calmodulin binding domains are conserved within protein families. Although 
the domains of different proteins show little or no conservation (Figure 3-1) the 
calmodulin binding domain of a protein is conserved (like enzymically active 
sites) between homologous proteins. The work described in this chapter was 
intended to use this feature to search for a plant homologue to the Myristoylated 
Alanine Rich C-Kinase Substrate (MARCKS). MARCKS is involved with 
controlling the stability of the cortical actin cytoskeleton in animal cells, 
particularly during neuronal growth. 
Protein CaM binding sequence 
skMLCK 
KRRWKKNFIAVSAANRFKKI SSSGAL 
smIMLCK RRKWQKTGHIWR?UGRLS S S 
Type H Kinase NARRKLKGAILTTMLATRNFS 
CaM Kinase ARRKLKAAVKA.VVAS SRLG 
PF Kinase FMNNWEVYKLLAHIRPPAPKSGSYTV 
Ca2 Pump RGQILWFRGLNRIQTWIKVVNFSSS 
Spectrin KTAS PWKSARLMVHTVAT FNS IKE 
Adenylate cyclase IDLLWKIAEAGARSAVG 
Caldesmon RAE FLNKSAQKSGMKPAH 
Calcineurin KEVI RNKIRAI GKMARVFSVLR 
Figure 3-1 The calmodulin binding domains of several calmodulin binding proteins. 
(After 0 'Neil & DeGrado, 1990). 
3. 1.1 The plant cytoskeleton 
All major components of the cytoskeleton, as observed in animal cells, have 
been identified in higher plants. These include Microtubules and Microfilaments 
(Tiezzi, 1991), Lamins (Siboaka & Nagai, 1994)), Intermediate Filaments 
(Menzel, 1993) MAPS (Schellenbaum et al, 1992), Myosin and Kinesin-like 
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proteins (Tiezzi, 1991). The cytoskeleton consists of a cortical microtubular 
array and associated microfilaments, with less well defined structures further 
from the tonoplast (Kakimoto & Shiboaka, 1987; Traas et a!, 1987). During 
Specific events, cytoskeletal structures are formed dynamically, for instance the 
specific structures of the pollen tube cytoskeleton (Tiezzi, 1991). 
The plant cytoskeleton has been implicated in a number of morphogenetic 
events in higher plants (Chaffey ci a!, 1997). The cortical microtubule array has 
been implicated in cell wall formation (Giddings & Staehelin, 1991; Chaffey et 
al, 1997). 
3.2 A suitable protein to seek 
It has been observed that calmodulin isolated from plants is found in the 
cytosolic fraction if EGTA is present during the purification and in the 
membrane fraction if C2 is not controlled (Trewavas pers. comm.). Thus it 
appears that there is some factor binding calmodulin extensively to membranes 
in the presence of C2. It is tempting to hope that a single significant protein 
might fulfil this function. There may be precedent for this; neuromodulin, is a 
membrane localised calmodulin binding protein (Gordon-Weeks, 1989). It plays 
an extensive role in axonal development and has been observed to sequester 
nearly 70% of membrane associated calmodulin in certain cells (Gamby et a!, 




There is however, a protein which is also found in neuronal development which 
is a Ca2  dependent calmodulin binding protein. This protein, the Myristoylated 
Alanine Rich C-Kinase Substrate (MARCKS) is a 330 amino acid protein which 
cross links the peripheral actin cytoskeleton to the membrane (Blackshear, 
1993). The protein's structure is elongated, the main character being essentially 
hydrophilic helix. There is a myristoylation site at the N-terminus. The myristic 
acid associated with this site is involved in the membrane localisation of the 
protein. 
Binding calmodulin causes a partial detachment from the actin network, and 
solubilisation of the local cytogel, whilst retaining the basic structure of the 
local cytoskeleton. Phosphorylation by protein kinase C causes a partial 
detachment from actin, and a relocation of MARCKS from the membrane to the 
cytosol. These activities are expected to allow the solubilisation of local areas of 
the cells cortical cytogel and thus may be involved in growth cone navigation. 
MARCKS is conserved between species (Figure 3-2) particularly in three 
regions; the myristoylation site at the N-terminus, an N-terminal region named 
MH-2 which shows homology to a mannose-6-phosphate internalisation region, 
and the combined actin and calmodulin binding site, which is also the 
phosphorylation site for protein kinase C. 
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MPP 	MA4P 	 AMP 
2 	9 	34 41 	59 66 	 150 159 165 175 	 337 
I 1 	1 \II/ 
Myr MH-2 	 CBD/ABDIPKC 
Figure 3-2 The layout of the domains of MARCKS. Myr=myristoylation site, MH-2 
=homology region 2, CBD=Calmodulin binding domain, ABD=Actin binding 
domain, PKC=phosphorylauon site. MPP, MMP, MDP=primers used in PCR. 
Numbering refers to the Murine MARCKS amino acid sequence. 
A close relative of the MARCKS protein is the MacMARCKS or MARCKS 
related protein (MRP), a 42kDa protein with conservation to MARCKS in these 
three regions (Aderem, 1992; Li & Aderem, 1992; Figure 3-3). This protein is 
found mainly in macrophage cells and is associated with cell motility. 
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1 	 50 
Mouse t 
Rat 
Bovine 	 t 
Human 
Chicken 	 k 	. 	a 
Consensus MGAQFSKTAA KGEAAAEP.PG EAAVASSPSK ANGQENGHVK VNGDASPAAA 
MPP 
51 	 100 
Human (MacMARCKS) ---------- ------ mgsq ssk 	Vt ee gasp k n qe gh 
Mouse (MRP) 	 ssk Vt ee gasp k n qe gh 
Rabbit (MacMARCKS) mgsq ssk 	Vt ee gasp k n qe gh 
Mouse 	 s.. 5 t a e 	te g g. 
Rat s.. 5 tad pega. 
Bovine 	 agsg s a e p . as d gh 
Human S 	 agsg 5 s a p 	aa e gh 
Chicken 	a . 	V 	 eetg k ......... ........ e sse as.. 
Consensus EPGAKEELQA_NGSAPAADKE EPAAPRGDAA ?1'-AA-}ODEA AAAG-PRA-V 
MMP 
101 	 150 
Human (MacMARCKS) k ngdlspk 	as pvn t d a t da i pa psqga e kgevppke 
Mouse (MRP) r ngdltpk as pvn t d a t da i pa psqea e kgevapke 
Rabbit (MacMARCKS) k ngdltpk 	as pvn t d a t da i pa psqga e kgdappke 
Mouse aad 	. a p 5 .a 	 t 	a. p p  set 
Rat tad . a p g .s t t a. p p set 
Bovine pve pv ga g ta g a a 	s 	gh laqqrda 
Human pve p 	ga g ta g a a s gh laqqrda 
Chicken ..e 	- a st a .. 	g a ..... ... 	t e atp s set 
Consensus -S-KEA-AEG EGAEP-SPG- AEAEGASGAS SESSPKAE1 -AA-S-S--- 
151 	 200 
Human (MacMARCKS) tp k 	p 	1 	r r g g dss ss t e q q eig 
Mouse (MRP) tp 	k p 1 r r g g dss ss t e q q ems 
Rabbit (MacMARCKS) tp k 	p 	1 	r r g g dss ss t e q q eig 
Mouse p 	 s s 	a 	.. t a 
Rat p 5 	 a ... t d a 
Bovine e 	 g 	aag s 	s 
Human a g a.. . a 
Chicken p 	 as gas a 	e a 
Consensus -KRZUUUUWF ME=SGFS FAFGRUCE&= G-EAEGP-EA EAEGGKDEAC 
NDP 
201 	 250 
Human (MacMARCKS) 	de qe k a tpesqep q 	s a s .....e 	gpq t 5 
Mouse (MRP) 	de qe k a tpesqep q s a skegdte gpq 	s 
Rabbit (MacMARCKS) ee pa k a tpesqep q 	a ck gdte 	gpp . s 
Mouse .. .. 	g g 	p qa ......g g a 	pr 	a 	eq 
Rat .. .. g d p qa ......g g a 	e 	sr 	e eq 
Bovine gg .. ag g p pt a p a a g e dpq kpe aava 
Human gg .. as g s qa a p e a g e 	dsq kpq aava 
Chicken as pe g a gk ae as a aagsre a k e gdsq ksde a eka 
Consensus S-AGTAAAG- EAAAA-GE-- -AKGAEAGA- -EGAAGGEEA EA-AAEP-TP 
251 	 300 
Human (MacMARCKS) 	gptp s 
Mouse (MRP) gptp s 
Rabbit (MacMARCKS) 	gptp g eqne 	 - 	 - -- 
Mouse eq qpaa a pqae q a g 	. . .p p t gd s 
Rat eq qpaa e prae p v g .. .p p t dd 
Bovine pekpparrg k ye p k a a. 	vs 	ag 	 g a 
Human pekppasd t k ae p kve ek .. . s a lv r 
Chicken t e apes e qqqqqqq ka a e ga ats e sgeq a p ee aaa q 
Consensus SGPES --- EA -A--E-SEA- -EKAEEAG-- AAGA-ACEAP SAAGP-CPR- 
301 	 340 
Mouse .. q t de 	a a p p 	 pt 
Rat ..q 	tdep a s a p p pv 
Bovine 	apree p pr .s cs p q a 	 e 
Human sprgg rg rrslnq ca p q a a 
Chicken eaps sspeg peep 
Consensus GGE-RAPAA- --AAASA-PA -S-E-QPECS PEAPPA-AAE 
Figure 3-3 The 1vL4RCKS protein showing regions of homology and the locations 
chosen as primer design templates (underlined) for the three primers, MPP, MJvIP, 
and MDP. The calmodulin binding domain is italicised 
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3.3 PCR & Primer design 
Initial studies involved the use of the Polymerase Chain Reaction (PCR). This 
powerful technique enables the isolation of extensive fragments of DNA on the 
basis of localised and limited regions of homology (McPherson et al, 1991). By 
concentrating on one specific protein, the problems of a lack of homology 
between calmodulin binding proteins might be avoided. Primers were designed 
on the basis of a conserved amino acid sequence rather than a conserved DNA 
sequence (Figure 3-4). This allows for variation in codon usage between plants 
and animals. The most conserved region of MARCKS, and the region most 
essential to the isolation of function, is the calmodulin and actin binding, protein 
kinase C substrate site. This is very rich in both lysine and arginine. Arginine is 
encoded by six codons, and lysine's codons are very adenosine rich. 
Primers Sequence TA Degeneracy Redundancy 
MJP CAAGAA1.ACGGICACGTIAAAGT 50 2= 32x4 2= 
MARCKS Proximal Primer G 	G 	T 	T 	G 32 512 
MMP GGIGCICAICCATTIGCCTG 49 2= 16x4 4= 
MARCKS Medial Primer GT 	G 	T 16 4096 
MDP AGCTTAPAICACTTCTTAAA 39 2'= 128x4= 
MARCKS Distal Primer T 	G 	GTT 	T 	G 128 512 
Figure 3-4 The primers used in this study. Degenerate bases are indicated as vertical 
pairs, and inosines are highlighted in bold 
Ideally, AT base pairings are to be avoided in primer design if at all possible 
because of their instability. Both unstable pairings and sequence redundancy 
are avoided because they require a lower annealing temperature. At lower 
temperatures, more false positive binding sites can be isolated. The optimal 
temperature for binding can be calculated. The amount of primer to be used 
must also be balanced against the degree of degeneracy. Where more than one 
base is to be allowed to bind, a mixture of bases is added to the synthesis mix. 
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With each degenerate addition the concentration of each unique primer is 
reduced. Inosines, which bind to all four bases, are used instead of adding four 
bases, to keep the required concentration of highly degenerate primers within 
reasonable bounds. 
3.3.1 Results 
One combination of the primers, that of the MPP and MIMP, produced a band of 
the expected size (c. I 3Obp). This band was successfully isolated from the gel 
but could not be cloned and thus was assumed to be unstable in a plasmid 
vector. Reamplification was possible, and under appropriate conditions, gave a 
ladder of bands. When the components of this ladder were themselves 
reamplified, each gave the bands from the ladder smaller than themselves 
(Figure 3-5). It is suggested that the band isolated by PCR is not a fragment of a 
MARCKS-like gene from plants, but a fragment of DNA with repetitive 
character. 
M A B C D E F 	0 
] 
Figure 3-5 PCR results. M= 1kb ladder, A-F are the PCR products using MPP and 
AMP, of a band stab of each of the labelled bandc in lane 0. Lane 0 is the PCR 
products of a reaction using MI'P and MA'IP on genomic Nicotiana DNA. 
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3.3.2 Library screening 
A cDNA library was obtained from Dr A Hudson. It was created from 
Arabidopsis seedlings by Dr Dengle of the Max Plank Institute. The library was 
used as a substrate for a series of PCR reactions using the three primer 
sequences described, and gave a large number of bands suggesting that the PCR 
primers were too redundant to be capable of discerning a MARCKS homologue. 
Initial screening of plaques with the primers gave a large number of apparent 
positives from a very small set of plaques, and it appears that the primers were 
interacting with the vector DNA. A eDNA clone of MARCKS was kindly 
donated by Dr T Herget1 PCR of the clone gave several bands, supporting the 
evidence that the PCR primers were interacting with the vector DNA 
sufficiently to mask any interaction with the insert. This clone was used to 
create randomly primed 32P-labelled probes which were used to screen the 
eDNA library. 
A number of positive clones were pursued, and although consistent labelling 
was not observed, a clone was isolated and sequenced (data not shown). The 
sequence showed no homology to MARCKS, nor any significant homology to 
any sequences on the database. 
3.4 Discussion 
There is no conserved calmodulin binding domain, and as such, simple screens 
for proteins which only have calmodulin binding in common are not possible 
using DNA homology as a search criterion. However it seems possible to search 
for proteins with more extensive functional homology. Calmodulin itself is one 
example of a protein which is highly conserved across the kingdoms. 
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The MARCKS active region has high function density; the calmodulin binding, 
actin binding and phosphorylation sites are all overlapping. It is possible that 
this region would be conserved across kingdoms, but there is no evidence from 
this study that this is the case. Although MARCKS is universally expressed at a 
low level in all the cells of higher vertebrates so far examined, it is most highly 
expressed in the growth cones of axons, and these cells have no direct analogue 
in plants. The close relative of MARCKS, MacMARCKS, is abundant only in 
macrophage cells and appears be involved in rapid cytoskeletal changes 
facilitating cell motility. Again, there is no direct analogue to this function in 
plants. The cytoskeleton of plant cells, however, is highly complex, structured 
and capable of rapid reorientation. It is highly likely that simple attachment 
mechanisms between the cortical actin structures in plant cells and the plasma 
membrane will be found. It appears, however, that they will not have extensive 
primary sequence homology to MARCKS. 
3.5 Conclusion 
A homologue to the MARCKS protein was not found by PCR in either genomic 
or complementary DNA, nor by overlay screening of a cDNA library with either 
short specifically synthesised probes, or randomly primed cDNA based probes. 
It was decided to broaden the search for a calmodulin binding protein using the 
calmodulin binding activity itself. A number of workers (Reddy, pers. comm., 
Fromm, pers. comm.) had reported initial success with the screening of 
expression cDNA libraries, and it was felt that this technique would reward 
investigation. 
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4. IN VITRO OVERLAY TECHNIQUES FOR ISOLATING 
CALMODULIN BINDING PROTEIN GENES. 
4.1 Introduction 
Established techniques for the rapid isolation of genes encoding calmodulin 
binding proteins depend on the identification in vitro of calmodulin binding 
activity. This is detected by overlaying a presentation of expressed proteins, 
which may be within a gel (Carlin, 1980), or expressed from bacterial cells 
(Fromm & Chua, 1992), with calmodulin. The calmodulin is labelled in some 
fashion to allow its detection. 
4.1.1 Overlay systems 
Gel overlay systems allow the identification of proteins by size from the chosen 
tissues of origin. Whilst this is a powerful technique for the investigation of 
changes in protein expression by cell type, tissue type, environmental change and 
even by sub-cellular compartment (Collinge, 1988), it does not unequivocally 
identify the proteins observed, nor does it facilitate the isolation of their genes. 
The overlay technique can be performed either directly on the gel, which involves 
long periods of steeping the gel in a solution containing the probe protein, or 
upon a hydraulically or electrically blotted set of proteins, immobilised on a 
nitrocellulose membrane. 
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4.1.2 Expression libraries 
The same overlay techniques can be applied to identify proteins immobilised on 
nitrocellulose filters by other methods. It is possible to transfer bacterially 
expressed proteins to membranes. In this situation, the essential act is the 
liberation of the expressed protein from the confines of the cell, in close 
proximity to the membrane. This may be performed by transferring colonies from 
the culture plate to a filter, and freeze thawing the filter to fracture the cells, but 
is more commonly achieved by expressing the protein in a viral vector, which 
leads to the viral lysis of cells growing in a lawn. In this case, it is not colonies of 
bacteria which are observed, but plaques of lysed cells, each of which is rich in 
phage viruses all carrying the same cloned sequence, and cell debris containing 
the expressed protein. 
The filter is overlaid on the culture plate and some of the protein transfers to the 
filter, where it can be detected. 
Central to the success of this technique is the quantity of material transferred. It 
has been estimated that 1 Opg of expressed protein are transferred onto the filter 
(Lacombe et a!, 1987). Expression is variable between libraries, with some 
performing better than others, and transfer is optimised in the culture and pick-
up techniques employed. 
The basal plate medium is poured, set and dried. It is important that the basal 
medium is of a consistent thickness, as thicker basal medium will more readily 
support plaque formation, and variable thickness will lead to an uneven 
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distribution of plaques. The drying is essential to ensure binding of the top agar 
to the basal medium, but excessive drying will inhibit plaque formation. 
For best growth the basal medium should be warmed to 30°C before the top agar 
is poured, and not allowed to cool. As soon as the plates can be moved, they 
should be placed in a 42°C incubator for 3-4 hours to start plaque growth. A 
healthy and even lawn of cells should be visible by this point, and barely 
detectable pin-prick plaques should be observed. 
As soon as pin-prick plaques are observed, nitrocellulose filters, pre-impregnated 
with 11PTG to trigger insert expression, should be overlaid on the top agar. It is 
important that the filters are not placed on too early, as this will cause the 
expression of the inserted clone to inhibit plaque formation differentially, causing 
a non-representative selection of expression plaques to form. It is equally 
important that they are not placed on after the plaques become readily visible, as 
expressed proteins are laid down at the expanding plaque boundary, and the 
greatest concentration can be observed at the centre of a plaque. Later 
expression leads to a more diffuse signal. 
4.1.2.1 Acquisition of an expression library 
An expression library in the A.Ziplox expression vector (D'Alessio et a!, 1992) 
was acquired from the Ohio State University's Arabidopsis Biology Research 
Center (ABRC). This library, designated PRL-2, was constructed from equal 
amounts of Arabidopsis mRNA isolated from 1) tissue culture grown roots, 2) 
May old etiolated seedlings, 3) rosettes from staged plants of different ages and 
2 light regimes, 4) aerial tissue from the same plants as the rosettes. 
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Earlier introductory experiments were conducted using a cDNA library 
constructed in the Zapll vector from melon RNA, and kindly donated by Ian 
Oliver (University of Edinburgh). 
4.1.3 Isolation of clones 
Once the filters have been removed and developed, the plaques must be identified 
and isolated. To do this, agar from the region of positive signals is used to 
provide phage for a new library plating at a lower concentration of pfii.cni 2 . 
Each round of purification provides an enrichment as a higher and higher fraction 
of the plaques sampled each time are representatives of the original positive 
signal. Eventually a single positive plaque, uncontaminated by any non-positive 
plaques, can be isolated and the cDNA encoded within it subcloned and 
examined. 
4.2 Radiolabelled calmodulin probes 
For any moeity to be used as a probe it is essential that it can form a stable 
interaction with the target proteins on the filter. Thus, small molecules are far 
more likely to succeed. However, the strength of the interaction is also an 
important variable, and antibodies, whilst large, have had considerable success 
(Young & Davis, 1983) as probes due to their remarkable binding affinity for 
their targets (KD values of the order of 10M to 10 10M). 
Calmodulin is a much smaller molecule (c.146 amino acids) but its interaction, 
whilst strong for a protein-protein interaction, is considerably weaker than those 
involving antibodies (KD values from 10 3M to 10M). It is thus expected that 
the amount of calmodulin which binds to a plaque will be significantly less than is 
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found in other, well established assays involving antibodies. An essential 
component of a successful calmodulin based screen must therefore be a high-
fidelity detection system which does not hinder calmodulin's binding in any way. 
To this end, radiolabelled techniques present themselves as an ideal group of 
candidates. Nuclear reactions of the type causing radioactive decay have little or 
no effect on the chemical behaviour of a molecule. 
4.2.1 The labelling of calmodulin 
125j has been successfully used for gel overlay labelling, and has been used for 
expression library screens using calmodulin (Sikela & Hahn, 1987). 1251  is 
however hazardous and not always successful (Fromm & Chua, 1992, Sri 
Widada eta!, 1988). 
14C is stable, easy to handle, but more difficult to detect and thus not ideal for a 
screen where detection strength is critical. 3H suffers from the same problem. 
Phosphorus is not found in amino acids, and thus 32P would need to be deployed 
post-translationally, and as an extraneous group to the basic molecule. It has 
however been used to label cAMP in library screens (Lacombe et a!, 1987) 
35 S, whilst reactive, and thus difficult to handle, is found in methionine and 
cysteine. Calmodulin is methionine rich, and pre-labelled 35 S-Met can be added 
to expressing cells and will be incorporated in the expressed product (calmodulin 
contains 9 methionines and 1 cysteine). The detection of 35 S is relatively easy and 
the signal long lasting. 35 S has become the isotope of choice for protein labelling 
studies, and has been found to be successful in calmodulin based screens (Fromm 
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& Chua, 1992, Sri Widada ci a!, 1988) . 35S was therefore used to label 
calmodulin in this study. 
4.2.1.1 Construction of a calmodulin expression vector 
The complete coding sequence for the melon calmodulm gene was kindly 
donated by Ian Oliver (University of Edinburgh). This gene was incorporated 
into the pBluescript vector (Stratagene). 
The gene was amplified by PCR using the T3 primer matching pBluescript and a 
custom primer (PCR1; CATATGGCCGAGCAGCTCACC) which introduced an 
Ndel site at the initial ATG of the calmodulin coding sequence. 
The ends of this fragment were blunted with Pfu polymerase (Stratagene) and 
cloned into pBluescript at a blunt cutting Smal site, to give plasmid pMCEO. 
Plasmid pMCEO was digested with BamH 1 and Nde 1 to yield the coding region 
as an excision fragment. This fragment was cloned into pRSETA (Invitrogen) 
between the Ndel site incorporated at the beginning of the vector's endogenous 
poly-histidine marker, and the BamHl of the vector's multiple cloning site. 
The melon calmodulin gene was thus inserted in frame, under the control of the 
T7 promoter incorporated into pRSETA. The final plasmid was named 





Pr(T7)' 	 pCAMEX 
Nde d I 	. 4739 bp 
Fl on 
Tr 
Catmodulin 	 BamH I 
Figure 4:1 The pCAMEK melon calmodulin expression vector based on pRSETA and 
usedfor all calmodulin expression work 
4.2.1.2 The T7 expression system 
The T7 expression vector system (Figure 4:2) is well established and a powerful 
method for absolutely controlling high levels of expression of inserted genes. The 
T7 polymerase gene is placed under the control of the LacUV5 promoter in a A.-
bacteriophage, DE3. The host used for all expression studies was 
BL21(A.DE3)pLysS, which contains both this construct and a T7 lysosyme. The 
gene to be expressed is placed under the control of a T7 promotor. Induction 
with IPTG leads to the expression of the gene of interest via this 17 promoter. 
T7 polymerase is highly active, extending mRNA at five times the rate of 
bacterial polymerase (Studier, eta! 1990). 
The system is made more sensistive by the inclusion of pLysS, a plasmid 
encoding a T7 lysosyme which is a natural inhibitor of T7 polymerase (Studier, 
1991). This helps to prevent leaky expression of the insert gene, and has the 
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added benefit of facilitating cell lysis. The lysosyme gene is inserted in the 
opposite orientation to the tet promoter of pACYC 184 (the ancestral plasmid), 
and is thus expressed only via transcription of the complete loop. A low level of 
expression is supported, which does not significantly inhibit the expression of 













Figure 4:2 Summary of 77 expression system. 77 polymerase is induced by IPTG via 
the LacZ promoter, and in turn expresses the gene of interest (in this case, melon 
calmodulin) to a high level. Leaky expression of 77 is repressed by 77 lysosyme 
encoded bypLys-S 
4.2.1.3 Expression of calmodulin 
Expression was induced with 4mM IPTG and a number of trials led to an 
incubation time of 3 hours being used to optimise expression. The cells were 
harvested by centrifugation and lysed by freeze/thawing. 
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4.2. 1.4 Purification of calmodulin 
Most of the expressed calmodulin was found to be in an insoluble fraction of the 
cell lysate, but a significant quantity was found to be soluble, and was considered 
sufficient to proceed without any further extraction process. Purification was 
achieved by loading the soluble lysate fraction onto W-7 agarose columns and 
eluting with EGTA. Ca2 was added to the final elution to titrate the EGTA. 
4.2.2 Results 
Once expressed calmodulin had been purified, simple assays of calmodulin 
activity were utilised to demonstrate the function of the expressed protein. 
Ca2 fEGTA induced bandshifts demonstrated Ca 2 binding, whilst melittin 
induced bandshifts demonstrate the ability to bind amphiphilic helices. A simple 
phosphodiesterase assay was used to show enzyme activation. 
An apparent increase in size on SDS-PAGE gels in the presence of EGTA is 
diagnostic of the Ca2 binding ability of calmodulin (Figure 4:3). A similar 
apparent decrease in size is observed on SDS-free PAGE gels (data not shown). 
The expressed calmodulin bound to melittin in band-shift PAGE assays (Figure 
4:4), and activated phosphodiesterase (data not shown). This demonstrated the 
expression and purification of active calmodulin. 
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M Ca 2' EGTA Ca 2+  EGTA Ca 2- EGTA Ca' - EGTA 
iMrP/ Nod 
 
Figure 4:3 Assay of calmodulin activity , by bandshft assay. Left: Ca 2 induced 
bands/ill! of expressed caimochulin on 15% SDS PAGE M=markers, Ca lanes 
loaded with 1mM GaC12, EG1A =lanes loaded with 5mM EG1A. Markers are (from 
bottom 14. 3kDa, 21. 5kDa, 30. OkDa, 46. OkDa, 69. 0kDa. Right: A utoradiograph of the 
gel on the left. 
- - 	- - 	_ - - 
	
C0 . 8 1 2 3 4 5 6 7 	8 9 
- - - 
C1.6 10 11 12 13 14 	15 16 17 18 
Figure 4:4 Me/jill,, induced bandthlfi on non-denaturing PAGE. 
Top:C0. 8 =0. 8,ug me/on calmodulin. Lanes 1-9 are 0. 8pg caimodulin plus the 
following amounts of me/i/tin; 
1,0.4pg 2;0.8pg 3,1.6pg 4;0.2pg 5:04pg 6;0.8pg 7;0.lpg 8,0.2pg 9;0.4pg 
Bottom: C 1 . 6 I. 6pg melon calmodulin. Lanes 1-9 are 1. ópg calmodulin plus the 
following amounts of mel/tim; 
10;0.4,ug 11;0.8pg 12:1.6pg 13:0.2pg 14:0.41ug 15:0.8pg 16:0.1 pg 17;0.2pg 18;0.4pg 
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4.2.2.1 Radiolabelling of expressed calmodulin 
The expressed calmodulin was test labelled in a small scale experiment using 
500tl of culture and 0.5tCi of radiolabelled 35S-Met. High specific activity, as 
required by the technique, was achieved by growing the expressing cells in 
minimal medium, and adding radiolabelled 35 S-Met shortly after induction, along 
with the antibiotic rifampicin. Rifampicin poisons the bacterial polyinerases but 
does not affect the viral T7 polymerase, hence concentrating all of the cells 
metabolism on the production of induced protein, and in the case of labelling 
experiments such as these, prevents labelling of baterial protein (Studier & 
Moffat, 1986). 
The amount of radioactivity incorporated in a number of expression procedures 
was consistent by autoradiography. Two procedures were quantified by mass of 
protein. A scintillation counter was used to assess the amount of radiolabel in the 
purified protein. The protein concentration in both cases was estimated at 
0.1mg/mi by Biorad colorimetric assay, giving estimates of specific activity of 
6.5xiO5cpm .tg 1, and l.6xl05cpm tg' of protein for the two procedures. The 
higher activity sample was used to screen an expression library. 
4.2.2.2 Executing the screen 
Two positive control genes in )LZAP expression phage were kindly donated by 
Dr A.S.N. Reddy. One, 1CM-I, is a mammalian calmodulin binding protein (a 
CaMKH from mouse, Sikela & Hahn, 1987), and the other, CBP-1 is a 
calmodulin binding protein isolated from maize (Reddy et a!, 1993, accession 
number L01497). 
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Plaques were plated out at concentrations of 25pfu per square centimetre. The 
filters were placed on the growing plaques as previously described and allowed 
to absorb protein overnight before being removed and developed as described in 
materials and methods (section 2.12.2). A preliminary screen of 40,000 plaques 
was carried out. 
4.2.2.3 Results of screen 
Sample exposures of filters to photographic films are shown in Figure 4:5. 
However, a number of problems were encountered. Firstly, plaques were visible 
across the autoradiograph. These were found to be due to very small quantities 
of agar being lifted from the plates. The bacterial lawn prevented agar being 
lifted from elsewhere. Radiolabelled solution was able to perfuse the agar patch 
and this appeared as a shadow on the autoradiograph. 
Secondly, despite extensive washing of the filters, they continued to show an 
excessive noise to signal ratio. Many of the features observed on the 
autoradiographs remain unidentified. It was felt that part of this could be due to 
the bacterial lawn on the filter providing an excess of binding sites, but 
alterations to the blocking agent produced no apparent change in the filters. It is 
known that sulphur containing compounds are very reactive. 35 S is known to be 
reactive and interacts with a wide variety of materials. It was suspected that the 
noise may be due to liberated radioactivity reacting with compounds and possibly 
even living cells on the filters. Processing of filters at 4°C had no effect on the 
noise however. The possibility remains that the noise is due to unincorporated 
35 S-Met introduced with the calmodulin, but gels of labelled calmodulin show no 
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such impurity. To reduce the possibility of such contamination,a repeat 
purification on W-7 agarose was carried out, but this led to very low levels of 
final product, and was deemed impractical to persue. 
• s 	• 
- 
' 	 - 
i 
• 	 ! I • 
Figure 4:5 A utoradiograph of positive controlfilter of 1CM-i expressing plaques. The 
original filler is shown on the left, a contrast enhanced image on the right. The 
pointers A-D indicate four of several possible plaque signal features. The darker 
features to the lower right of the image, and the punctate dark signals to the upper 
right are two types of noise observed 
Despite these difficulties, 12 possible positive plaques on both the positive 
control and library plates, were taken through a first round of isolation and 
enrichment. However no enrichment was apparent on re-screening, from either 
the control of library samples, indicating that the features originally considered as 
possible positives were merely noise. 
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4.3 Biotinylated calmodulin probes 
Biotin is a low molecular weight water soluble vitamin found in pyruvate 
carboxylase, where it acts as a carboxyl shuttle using CO2 to convert pyruvate to 
oxaloacetate. Avidin is a 68kDa glycoprotein which binds to biotin with a KD of 
10' 5M. This relationship can be used as a detection system (Fordham-Skelton, 
1995) with any of a number of agents attached to avidin to enable its 
identification, and biotin incorporated into a target molecule. 
4.3.1 AvidinfBiotin as a detection system 
In one powerful variant on the biotin/avidin detection system (Figure 4:6), the 
response of the system to the presence of a target biotin can be amplified, 
considerably increasing sensitivity. This is achieved in a calmodulin probing 
system by labelling calmodulin with biotin, and challenging a filter of expression 
library proteins with this probe. Rather than directly overlaying this with labelled 
avidin, biotin was labelled with horseradish peroxidase (which was used as the 
colorimetric detection agent in this study). This was added in a mixture with 
avidin. Avidin has four biotin binding sites, and the combination leads to multiple 
labelling of each target biotin with a number of colour producing proteins. 
Although the biotinylation of proteins is a routine procedure, previously 
biotinylated calmodulin is commercially available and was purchased from Signal 








n Calmodulin bindiii '.--' 	protein 
Figure 4:6 Summary of the avidin-biotin detection system used to screen for 
caimodulin binding proteins. 
4.3.2 Executing the screen 
Filters of expression proteins were prepared as described earlier. The filters were 
then developed as described in materials and methods. A biotin blocking step 
was incorporated to prevent the labelling complex from interacting with 
endogenously biotinylated proteins. 
The screen initially concentrated on the detection of the positive control proteins 
1CM-I and CBP-1. A small scale library screen of 1.25x 106pfU   was then carried 
out. 
4.3.3 Results 
Ten potentially positive plaques (Figure 4:7) were identified and isolated to 
purity. The plaques were then assessed for Ca2*  and calmodulin dependant signal. 
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All ten gave a good clear response in the absence of either Ca 2-  or calmodulin. It 
is most likely that despite the avidin/biotin blocking steps used (as per Fordham-
Skelton et a!, 1995), these plaques were expressing proteins capable of directly 
interacting with avidin or biotin. 
Figure 4:7 Horseradish peroxidase developed filler #188 from  the second round 
screen. The black and white photograph is contrast enhanced. The darker spots are 
putative positive plaques, the lighter spots a later developing background. 
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4.4 Discussion 
Neither of these techniques was successful in these studies. Although various 
users have reported the 35 S screen to be routine (Baum, pers. comm.) other users 
have reported that the membrane overlay techniques are very user-sensitive 
(Reddy, pers. comm. and Fordham-Skelton pers. comm.) Key issues that 
successful researchers have identified in both cases are good libraries, careful 
expression and transmission of proteins onto the filters, and the use of specific 
blocking agents. 
Possible problems may have occurred with the expression of the radiolabelled 
calmodulin used in the 35 S based screen. On the melittin bandshift gels, complete 
bandshifting was never observed. When high concentrations of melittin were 
used, a precipitate was observed to remain in the well as the ion front moved 
through it, and this is suspected to be sedimenting melittin and calmodulin caused 
by the transient high concentrations during stacking. Other experimenters have 
also found melittin and other peptides to be an unsuitable agent for quantitative 
PAGE bandshifting (e.g. Cox et a!, 1985; Vogel & Zhang 1995). The 
precipitation observed may be the cause of the incomplete bandshift. The lack of 
bandshifting may also be due to a fraction of the calmodulin being incapable of 
binding hydrophobic peptides. The protein used on the gels had however been 
purified on W-7 agarose, which competes with calmodulin binding proteins, and 
should yield only calmodulin capable of binding. A proportion of inactive 
calmodulin would, however, go some way towards explaining the consistantly 
noisy screening filters. 
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In the case of a radiolabelled assay, high specific activity (per unit of probe 
solution volume) and purity of probe are essential. In the case of the biotinylation 
system, good anti-biotin blocking is important, but with the commercial 
availability of blocking agents for this purpose (Vectastain #Sp-2001), this is 
routinely achieved (Fordham-Skelton, pers. comm.). One potential problem with 
the biotin-avidin screen is that the final signal detection structure, consisting of 
calmodulin, biotin, avidin and horseradish peroxidase, is extremely large, and it is 
highly unlikely that localisation of this structure depends on the interaction 
between calmodulin and its target peptide. It is likely that in successful screens, 
some degree of crosslinking has occurred between the labelled calmodulin and 
the filter substrate. The false positives identified in this screen were, it appears, 
due to proteins, firmly secured to the membrane and thus capable of supporting 
the labelling structure, interacting directly with biotin - a much stronger 
interaction than that between calmodulin and its targets. One possible solution is 
the fixation of the biotinylated calmodulin by drying the filters before adding the 
avidin-biotin-complex detection reagents. 
4.5 Conclusion 
These techniques are very flexible in that the experimenter has great control over 
the conditions under which binding can be selected to occur. Neither technique, 
however, offers any indication of how to modify those conditions to ensure 
success. The radioactive study involves the use of considerable quantities of 
radioactive isotope with the associated environmental risks, and the cleanliness 
of the biotin based technique is a significant step forward. 
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Given the continued technical difficulties which were encountered, and the 
reports by other workers (Fromm pers. comm., Reddy pers. comm., Zielinski 
pers. comm.) of success in using the screens, with considerable numbers of 
positives awaiting investigation, it was recognised that this work was merely 
covering the same ground, and it was decided to concentrate on more novel and 
potentially valid approaches. 
The problem of modelling calmodulin binding activity was felt to be worth re-
examination (after the work of DeGrado et al, 1978) in the light of both more 
recent research on the calmodulin-protein interaction, and recent advances in 
bio-computing resources. Furthermore, the recent development of the yeast 
dihybrid system opened the way to a novel in-vivo assay for calmodulin binding. 
The following chapters follow these two avenues of investigation. 
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5. MODELS OF THE CALMODULIIN BINDING INTERACTION. 
5.1 Introduction 
This work aims to examine studies of the binding of calmodulin and model the 
binding domain of calmodulin binding proteins. The aim is a method of identifying 
calmodulin binding domains so that binding proteins can be identified from non-
binding proteins, and the binding domains of binding proteins accurately located. 
5.1.1 Peptide centered studies 
Attempts have been made to discern the nature of the interaction between 
calmodulin and its target proteins by examining the peptides to which calmodulin 
binds. These studies can be divided into two groups; those which have attempted 
to directly measure the KD of the bound complex, and those which assayed the 
effect of the peptide on the activation ability of calmodulin. 
The first step in any of these studies was the experimental elucidation of the exact 
binding site of calmodulin. The size of the domain under scrutiny varies down to 9 
amino acids in neuromodulin (Chapman et a!, 1991) and 7 amino acids in 
caldesmon (Wang el a!, 1990). 
A number of studies have examined the role of the calmodulin binding site in the 
MLCK and CDPK protein kinase families. These kinases are thought to utilise an 
internal pseudosubstrate inhibitor, closely linked to a calmodulin binding domain. 
The inhibitor occupies the catalytic site, preventing enzyme activation. Upon 
calmodulin binding, the inhibitor domain is displaced, and the enzyme becomes 
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active. CDPK is of particular interest since it appears to utilise an internal 
calmodulin-like Ca2 binding domain in vivo. 
Since the binding of calmodulin has to overcome the stability of the 
inhibitor/catalytic-site interaction, and induce probably considerable intraprotein 
movement, the energy liberated on binding calmodulin may be expected to be 
relatively high. Indeed, MLCK and CDPK calmodulin binding domains bind with 
some of the lowest KD values observed; in the nM range. 
5.1.1.1 KD measuring studies. 
KD measuring studies have been conducted almost exclusively with isolated 
peptides. 
Lukas et a! (1986) prepared three peptides in the vicinity of the calmodulin 
binding domain of chicken MLCK, and found that three C-terminal serines did not 
contribute to the peptides ability to bind calmodulin. The loss of two arginines at 
the N-terminus however, decreased the binding strength seven fold. 
Munier et al, (1993) examined the binding site of Bacillus anthracis adenylate 
cyclase. They demonstrated that a 33 amino acid domain centered on the 
tryptophan residue at position 552 bound to calmodulin with 80% of the binding 
energy of the whole protein, and a KD of 800nM. Truncations at the N-terminus of 
the peptide reduced binding strength, peptides from 537-565 and 544-565 having 
KD values in excess of 3p.M. KD values are inversely proportional to binding 
strength, and these peptides were therefore much weaker calmodulin binding 
entities. 
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Cox et a!, (1985) used artificially constructed peptides which were based strongly 
on the BAA model (O'Neil & DeGrado, 1990) to demonstrate the sufficiency of 
this model for strong binding. They constructed an accurate dissociation assay for 
very low KD values using sepharose conjugated meittin ("Melex") 
The test peptides, LKKLLKL and LKKLLKLLKKLLKL, bound with KD values of 
1 5OnM and 3nM respectively. 
In a continuation of this work (O'Neil et al, 1987) they introduced a tryptophan 
residue into the peptide LKLKKLLKLLKKLLKLG at various positions to assess 
the fiourescent properties of the complex. The KD values of these peptides were 
assessed using the Melex assay (Figure 5:1). The introduced tryptophan replaced 
the amino acid in the original peptide, which bound with a KD of 2nM. 
The most significant feature of these results is the presence of two locations at 
which tryptophan strongly enhances the binding of the peptide; position 3 and 
position 12. A number of authors (reviewed in Afshar et a!, 1994) have noticed 
both the presence of tryptophan in a conserved position and the presence of 
hydrophobic amino acids 8 positions apart. Notably the flourescence results of Cox 
et a!, which more closely matched the BAA-helix theory, do not entirely match this 
pattern, (Figure 1-5). This suggests specific interactions between Trp and 
calmodulin, some of which are destabilising, possibly due to steric hindrance 
between the bulky Trp residue and the hydrophobic regions noted by the 
fiourescence study at positions 6 and 10. 
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Position of Trp in helix 
[Kd(nFv 
Relative binding strength 
Figure 5: 1 	Effect of Trp position on CaM binding of an artificial BAA-helix. 
AfterO 'Neil et a! 1987. 
5.1.1.2 Activation measuring studies 
Herring, (1991), examined several groups of basic amino acids in skeletal muscle 
MLCK whilst studying the pseudosubstrate domain, and discovered that contrary 
to expectations, they were not involved in inhibition. Two of the groups, however, 
(577-579 and 581-582) had significant effects on the activation of skMLCK by 
calmodulin (Figure 5:2). These two groups (orginally KRR and KK respectively) 
were altered to EED and QQ. Each modification singly halved the maximal 
activation by calmodulin, and together, calmodulin responsiveness was reduced 
eight fold. The modification of the KK group at positions 572 and 573 to Q had no 
effect on the protein's activity. 
YLMKRRWKKNFIAVSAANRFKK Ca imodu ii n 
activation 
QQ--------------- -------  xl 
EED ---------------- xO.5 
QQ------ ------- xO.5 
EED—QQ------------- xO.13 
Figure 5:2 	The Rabbit skMLCK calmothilin binding domain. The modifications are 
shown below the sequence; altered amino acids only are shown. The effect on maximal 
calmodulin activation is shown to the right. After Herring, (1991). 
The KRR group at 577-579 is homologous to the arginine group removed by 
Lukas et al (1986, see section 5.1.1.1), yet KRR577EED' produces only a 2 fold 
reduction in binding. Whilst the accuracy of measuring KD values at this level is 
doubtful, it is perhaps worth considering that other upstream residues of MLCK 
are involved in the binding, since these were not present in either of the test 
peptides examined by Lukas et a!, but are found in Herring's active enzyme 
studies. 
Bagchi et al, (1992), examined smooth muscle MLCK from chickens using site 
directed mutagensis of a catalytically active 40kDa fragment. Three groups of 
results were reported. Calmodulin activation of the enzyme was destroyed by a 
group of mutations, reduced in a second group, and not affected by a third. The 
authors concluded that the C-terminus of the binding domain was the more 
important, that three amino acids were vital (W800, G811 and R812), and that 
hydrophobic interactions were the more important. 
'This notation indicates that the three amino acids KRR with K at position 577, were mutated to EED, 
with the first E at position 577, hence KRR577EED. 
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Mutation Activity (%) Class 
W800A 0 1-Abolished 
G804A 0 
G81 1E 0 
R8121 0 
L813A 10 2a-Strongly reduced 
1810A 14  
RRK797AAA 33 2b-Reduced 
RK798AA 66  
K802A 40  
R808A 40  
G81 IA 33  
K799A 95 3-Not affected 
KK792AA 90  
KDR788ADA 90  
a) 	Effect of mutations 
790 	800 	810 
S KDRMKKYNARRKWQKTGHAVRAIGRI 
3333 2221 	1 	22112 
bbb (2) b 	a 
	
b) 	Position of significant amino acids in calmodulin binding domain 
Figure 5:3 	Summary of results shown in Bagchi et al (1992).. a) Reductions in 
activity due to mutations, b) location of amino acids described in section a). The 
calmodulin binding domain is shown in bold The pseudoinhibitory domain is shown 
underlined 
These results are to a significant degree confirmed by Fitzsimons et al (1992), who 
also found an increase in binding strength with the charge reversal mutant 
KK961EE (by approximately 5 fold). KK961 in rabbit is equivalent to KK792 in 
the chicken protein used by Bagchi et al (1992). 
Wu eta!, (1993), modified the calmodulin binding domain of type I adenyl cyclase. 
C507S had no effect on calmodulin sensitivity. K504D caused a 4-fold decrease in 
sensitivity, whilst F503R abolished sensitivity. Basal activity was not affected by 
the mutations. 
Nevalainen et a!, (1 9971 raise the issue that not all of calmodulin's binding potential 
may be used in any one interaction. They isolated two peptides from a phage 
display library which bound to calmodulin and demonstrated that they differentially 
inhibited the activation of CaM KI and CaM Kil, whilst neither inhibited the 
activation of PDE. 
They discuss the possibility of two binding domains in calmodulin, each of which 
binds one of their experimentally derived peptides. This would explain the CaM KI 
vs. CaM KII inhibitory differential (with each enzyme interacting with a different 
binding domain), and again implies a different mode of action for PDE. 
It is tempting to consider the two domains as being the N and C terminal globular 
domains of calmodulin, each of which can form one end of the binding tunnel 
described by Afshar eta!, (1994). 
A plant kinase, aICDPK-6, was inhibited by only one of the two peptides, and the 
demonstration that a number of enzymes can be differentially stimulated raises the 
possibility of a further sub-division of the types of calmodulin binding interaction. 
An attempt can be made to match the amino acids in the two, rather short (10 
amino acids) peptides with the amino acids in the CaM K1 and CaM KiT 
calmodulin binding domains, but it is not clear that any specific sites in the Type I 
binding tunnel are used differentially by the peptides. It is possible that the 
differential effect is due to interference outside the binding tunnel or at other, distal 
sites, affected by the binding of the inhibitory peptides. 
5.1.1.3 Plant calmodulin binding proteins 
In recent years a growing number of plant calmodulin binding proteins have been 
cloned. Many are protein kinases of one form or another. There is an extensive 
family of CDPK proteins in Arabidopsis, for example (Hong et al, 1996). 
In many cases the plant calmodulin binding proteins are recognisable homologues 
of animal proteins. Some of the animal proteins to which these plant proteins are 
similar are not calmodulin binding. However, it appears that the same general 
mechanism of calmodulin binding occurs in both the plant and animal kingdoms. 
Arazi et al, (1995), examined the calmodulin binding domain of petunia glutamate 
decarboxylase (GAD) and found that the tryptophan residue was essential for high 
levels of activation, although phenylalanine, the other large hydrophobic amino 
acid, could rescue significant levels of activity. 
Other amino acid changes had minimal effects. Plant GAD has more charged 
residues than most calmodulin binding domains, but the total balance of charge is 
not excessive, with lysines lying in the bound domain in close proximity to 
glutamate residues. 
Thus it appears that in general, conclusions which have been made concerning the 
interaction between vertebrate and yeast calmodulins and calmodulin binding 
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proteins and peptides can be equally well applied to the mechanism of action in 
plants. 
5.1.2 A calmodulin based approach 
In parallel with work examining the characteristics of the domains bound by 
calmodulin, the binding site of calmodulin has itself been under examination, 
notably with crosslinking studies, and mutagenic studies in lower organisms. 
5.1.2.1 Cross/inking studies 
p-Benzoylphenylalanine (Bpa) is a photoreactive residue which was used by O'Neil 
et a!, (1989), to examine the steric relationship of the bound target peptide and 
calmodulin. 
The Bpa moiety photoreacts selectively with aliphatic groups. In studies in which 
Bpa was added to opposite ends of helices at positions which would place it in 
contact with calmodulin in the binding complex, it was found to react only with 
methionine groups. Bpa at one end of the peptide reacted with Met144 & Met 124, 
which are spatially close and found in the C-terminal globular domain of 
calmodulin, and Bpa at the other end, reacted with Met7 1, which is found in the N-
terminal domain. 
This evidence that both globular domains of calmodulin interact with the target 
peptide was later backed up by structural studies. The evidence also suggested a 
significant role for methionine in the binding interaction. 
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Methionine has a long, hydrophobic side chain with no branches and a sulphur 
atom. This chain can take up a wide variety of positions, due partially to the 
extended carbon chain, and partially to the comparatively high flexibility of the 
chain around the sulphur-carbon bonds. It was proposed that the presence of three 
or four methionines in close proximity would form a 'methionine puddle' which 
would be capable of molding a hydrophobic surface to fit a wide range of 
interacting helices. 
The sulphur itself has notable effects on the so-called hydrophobic nature of the 
interaction between calmodulin and its target peptides (Gellman, 1991). A number 
of studies have indicated that the hydrophobic interactions are essential and 
characteristic for a particular binding reaction, and that charge acts to stabilise this 
interaction. 
It is proposed that the apolar, hydrophobic amino acids, are those that characterise 
this interaction. Molecules in proximity induce charges in each other (i.e. become 
polarised) and can attract one other. Apolar molecules are more easily polarised 
than water, and sulphur more so than carbon, so sulphur-containing, apolar side 
chains experience an attractive force in an aqueous environment at a relatively long 
range in protein terms. 
Closer in, the effects of hydrophobic interactions begin to make themselves felt; 
water associates preferentially with itself, or similiar polar groups, via hydrogen 
bonding. The tension created at a water/apolar-group boundary is sufficient to 
push apolar groups together and provide a force to retain them in that position. 
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Finally, the charged groups made of lysine and arginine on the target peptide can 
interact with the oppositely charged glutamate and aspartate groups (residues 82-
84, EEE, 118-120 DEE) on calmodulin to provide stability in a tightly bound 
conformation. 
All of these considerations suggest that the presence of so many methionine groups 
in the binding site of calmodulin is important in the general binding action of 
calmodulin. 
5.1.2.2 Mutagenic studies 
Modification of the calmodulin molecule dates back to the late 1970's, when 
Walsh & Stevens, (1978), oxidised the exposed methionine residues (numbers 71, 
72, 76 and possibly 109) of bovine calmodulin with N-chlorosuccinimide and 
noted the deleterious effects on binding and activation of phosphodiesterase and 
loss of urea-PAGE bandshift. The methionine groups were fortuitously oxidised, a 
further indication of their potential reactivity in the Ca 2 bound form of calmodulin. 
Targeted mutagenesis studies of calmodulin have also examined the influence of 
the binding tunnel methionines. Zhang et a!, (1994), modified a synthetic bovine 
calmodulin gene to produce proteins with changes to each of the nine methionine 
groups. The amino acids were changed to leucine, and one extra mutant was 
prepared in which a methionine (number 145) was changed to arginine. 
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Mutant % CaM required 
for half maximal 
activation of 
PDE. 
Mutant % CaM required 
for half maximal 
activation of 
 PDE. 
AT-terminal single mutants N-terminal double mutants 
M36L >1600% M51L+M36L 314% 
M51L 266%  
M71L 193% M71L+M72L 100% 
M72L 150%  
C-terminal single mutants Other mutants 
M144L 111% CT-CaM 350% 
M124L 100% M144L+M145R No activation 
M145L 84%  
M109L 66%  
Figure 5:4 Summary of results presented in Zhang et a! (1994). 
They noted that single mutations had only minimal effects on the activation of 
cyclic nucleotide phosphodiesterase, but that N-terminal mutants were more 
affected than C-terminal. M36L had the most significant effect. However, the 
double mutants prepared showed that activity was rescued in paired mutants, 
M36/51L being a better phosphodiesterase activator than M36L; and M71/72L 
being better than either M71L or M72L. M76L, in the linker helix, had no effect on 
binding or activation. 
Stability of the protein was affected, with the double mutants showing significantly 
lower expression than wild type. This is perhaps not surprising in the light of 
current knowledge, given that calmodulin is a small molecule and many of its 
amino acids are involved in a large binding site. 
A mutant in which all four C-terminal methionines were altered to leucine (CT- 
CaM) was noted to have severely reduced ability to activate phosphodiesterase, 
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although it could still maximally activate at a much higher concentration than wild 
type CaM. 
The charge introduction mutant M145R knocked out the phosphodiesterase 
activation ability of calmodulin (whilst M145L had near wild type activity). 
Thus, it appears that the overall hydrophobic region maintained by the methionines 
is important; more so than the exact form it has. The doubled effect may indicate 
pairs of methionines acting in concert on the target domain, an effect which is 
destabilising if unbalanced by the loss of only one of the two. 
These observations, which support the higher priority of N-terminal structures over 
C-terminal structures, appear to contradict the observations made by Bagchi et a!, 
(1992). However, the suggestion that PDE binds in a Type II complex may go 
some way to explaining the difference in the detailed interaction. 
Further mutagenic studies have concentrated on the charged residues in the binding 
region. 
Kung et a!, (1992), divided Paramecium mutants over- and under- reacting to 
stimuli between amino acid changes in the C and N terminal lobes respectively. 
This was regardless of whether the specific mutation was a charge reversal 
(E54K), reactivity (S1O1F), or conservative (M145V). 
Harris et a!, (1994), examined the effect of single residue alterations in a yeast 
concensus calmodulin, and found that most gave no altered phenotype. K1 15Y 
was noted to effect some functions in yeast. However, it is worth noting that yeast 
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calmodulin is the most distantly evolved form yet described (60% homology to 
higher organisms), and whilst it has the ability to bind and activate only a subset of 
higher organism proteins, all higher organism calmodulins yet tried can substitute 
for yeast calmodulm in yeast, with no loss of function. Thus the use of yeast 
phenotypes is not likely to be as critical an assay of change or loss of function as an 
assay in a higher cell would be. 
Indeed, studies so closely involved with the activity of yeast calmodulin are not 
highly relevant to higher organisms since the high degree of evolution of the yeast 
calmodulin, combined with the rescue abilities of other calmodulins, implies a 
relaxed evolutionary environment in the yeast cell, compared with other organisms; 
i.e., calmodulin appears to be less significant to yeast, despite the loss of 
calmodulin being lethal. 
Matsuura et a!, (1991), found that a Q83E modification of a yeast calmodulin 
showed enhanced activation of myosin light chain kinase and no effect on 
activation of phosphodiesterase. This implies that despite the holistic, basic-
amphiphilic-ct-helix model, specific sections of specific target peptides will still 
interact with particular residues in calmodulin, in a functional in-vivo assay; this 
may also reflect the high strength binding required to activate MLCK. However, 
Q83 may be intimately involved in Class I binding of single helices, and not in Class 
II binding of double helices. 
Medvedeva et a!, (1995), produced mutants of calmodulin which showed 2-4 times 
less binding of caldesmon. These mutants were E84/120K, DEE1 18-12OKKK, 
EEE82-84KKK and also, G33V, which suggests that the specific structure of the 
hydrophobic domain is significant. This is in contrast to the conclusions of Zhang 
et at (1994), and further suggests a separation of role between the methionines and 
the other hydrophobic residues. The double cluster mutant, (DEE! 18-
120KKK)+(EEE82-84KKK) had a fifteen fold reduction in binding ability. 
Overall these results suggest an additive effect for the charged domains in the 
binding of caldesmon; which again supports the current understanding of the 
interplay between hydrophobic and electrostatic forces. 
5.1.2.3 Methylation 
Lysine 115, it has been observed, has a significant effect on some interactions of 
calmodu!in. When this residue is not methylated, NAD kinase is hyperactivated. 
Introduction of an otherwise conservative mutation (Ki 15R) into calmodulin, leads 
to a constitutive lack of methylation. When this calmodulin was introduced into 
cultured tobacco cells (Harding et at, 1997) a phenotype involving active oxygen 
species was observed, indicating that this residue has a significant role in vivo in at 
least one enzymic interaction. 
Interestingly, lysine 115 is found outside the binding tunnel, in solution (e.g. Ikura 
et at, 1992). It may interact with some other part of the NAD kinase. Alternatively, 
since it lies near to the border between the two globular domains in the Type I 
binding complex, it may effect the positions allowed to the two domains when 
methylated. 
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5.1.2.4 Plant calmodulins 
The study of plant calmodulins has been enlivened by the discovery that plants 
possess several different calmodulin genes. These genes are expressed differentially 
(Van der Luit, pers. comm.), and have been shown to differentially activate 
enzymes (Liao et al, 1996). These calmodulins and their behaviours can 
supplement information gathered about mutant calmodulins. 
Further, other classes of Ca 2 binding protein have been discovered in plants. One 
group of genes found to be expressed after touch stimulation of plants included a 
calmodulin homologue (TCH- 1, found to be virtually identical to wheat 
calmodulin), a calmodulin relative (TCH-2, 40% homology to known calmodulins, 
and predicted to support a similar tertiary structure) and a more distant EF-hand 
protein relative (TCH-3, a calmodulin type protein with six Ca 2 binding domains, 
Khan etal, 1997). 
The majority of plant calmodulins, however, are very closely related to those found 
in other species. Not only that, but the various isoforms found within plants are 
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Figure 5:5 	A sample ofplant calmodulin sequences. Role coding refers to the model 
of Afshar et a! (1994). '-' denotes the acidic domains (Figure 5:13), A-D the four 
pockets, and R the hydrophobic ridge in the binding tunnel (Figure 5:8). * is K115. 
Only one protein per species is indicated. Only the differences between the given 
concensus and the individual sequence are shown. 
Lee et a!, (1997), created a number of hybrid calmodulins from isoform 1 and 4 
calmodulins from soy bean (SCaM1 and SCaM4). There are at least 5 SCaM 
isoforms, which differ in 24 internal amino acids, and the C-terminal 2-3 amino 
acids (Figure 5:6). There are 20 differences between SCaM1 and SCaM4, and the 
different calmodulins activate NAD Kinase to different degrees. Beginning with 
chimeric calmodulins, they isolated the effect of three residues on NAD kinase 
activation. 
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Figure 5:6 	Soy bean concensus sequence and the variations found in the isoforms. 
Role notations are those given for Figure 5:5. The three positions described in the text 
are underlined 
Two of the mutations, K30E and G40D, singly severely reduced activation (50% 
and 70% of maximal stimulation respectively) and together reduced maximal 
activation to 20% of wild type. When combined with M361, the calmodulin did not 
activate NAD kinase at all. 
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Only M361 has direct influence on the calmodulin binding domain in the simple 
models considered to date. The effect of the other two mutations directly on the 
binding site, however, is likely to be significant given the compact and 
hyperefficient nature of calmodulin. 
Calmodulin is still, unfortunately, too big to easily determine the exact effect of 
distant changes upon its structure without spectrographic data being available, and 
the exact facet of the interaction which is effected by these mutations, must remain 
the subject of speculation for the moment. 
5.1.3 Elucidated structures of the binding complex 
X-ray crystallography revealed the crystal structure of calmodulin in 1988, and 
demonstrated the potential range of the central, linking helix. Solution structures, 
however, indicated that the helix was more often coiled, its flexibility enabling the 
two globular head domains to float around. The average position of the two heads 
was actually close to each other, and not the extended position seen in the crystal 
structure (reviewed in Torok & Whitaker, 1994). 
With the publication of high definition structures for calmodulin/peptide 
complexes, it has been possible to review previous data on bound calmodulin, and 
consider the significance of the observations made in the studies of peptides. High 
definition structural predictions of calmodulin bound peptides have shown not only 
how the helix lies in the binding site, but have demonstrated what is likely to be the 
most common mode of calmodulin binding in considerable detail (Figure 5:7). 
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Figure 5:7 	Ca" lCaM bound to the MLCK caM binding peptide. The view is along 
the axis of the binding tunnel, from the N-terminal of the MLCK peptide. Calmodulin is 
in blue with its N-terminal domain above the pep/ide, c-terminal domain below. 
Methionine residues have been coloured red. Me MLCK peptide is in green, with the 
tryptophan residue coloured yellow and represented as a space filling model. Ca is 
cyan. Rasn,ol image of Drosophila calmodulin and rabbit skMLcK taken from P1)13 
(Protein Database) data after Ikura et al (1992). 
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In a comprehensive model of the binding site of the complex, Afshar et a!, (1994), 
describe some of the significant features of the binding tunnel. These features 
include four hydrophobic pockets in a spiral along one side of the tunnel, with a 
transverse ridge of hydrophobic residues at the boundary between the two lobes of 
calmodulin. At each end of the tunnel, patches of glutamate, which is acidic, 
surround the ends of the tunnel. 
The accessibility roadmap which was used to demonstrate the structure of the 
binding tunnel is a development of the helical net map used for cc-helices. As well 
as a map of the peptide, the authors presented a map of the inside of the tunnel. 
They show the gross structural features of the binding site; the charged domains at 
each end of the tunnel formed in the binding complex, and the shape of a 
hydrophobic groove into which the hydrophobic residues of the binding peptide fit. 
Simplifications of these figures are presented in Figure 5:8. 
The shape described has a number of features, most notably two large, 
hydrophobic pockets, the edges of which are surrounded by hydrophobic 
methionine residues. 
Figure 5:9 shows the projection of the amino acids from the RS20 peptide (a 
synthetic peptide of the same sequence as the rabbit MLCK calmodulin binding 
domain). The positions shown are those occupied with the helix in the energetically 
most stable position. 
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Figure 5:8 Projections of/he cczlrnodzilm binding tunnel after Afshar et al, (1994) 
Accessibility roadmap of the Binding tunnel of VU-i calmodulin. The black lines 
delineate the position of amino acids. The red line shows the join between the two 
lobes of calmodulin. The C terminus is above the line, the N terminus below. The 
four blue pockets are labelled A -D, defined by Afthar et al. The colours represent 
the accessibility of the coloured amino acids to probes of different sizes: 
0.4nM 	0. 3504 
0 - 
0. 301 	0. 25n,41 0. 201 
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Figure 5:9 Projection of the calmodulin binding peptide after Afshar et a!, (1994). 
Helical net of the MLC'K caimodulin binding domain. Red residues are lysine and 
arginine. The green residues are those capable of interacting with the 
hydrophobic pockets. 
• 	Pocket A 	Trp-4 
• Pocket B Val- li 
• 	Pocket C 	lie-14 
• Pocket Leu-17 
The yellow residues are those which might occupy pockets C and D, with minor 
perturbations of either the caimodulin domain spacing or the peptide sequence. 
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It is immediately obvious from Figure 5.8 that the peptide side chains position 
themselves significantly away from the idealised positions of the 100 degree, 1mM 
helical net (Figure 1-4). This structure will vary considerably between different 
helices. 
The spacing of the pocket contact-points on the peptide (4,10,11,13,14,17) fits the 
hydrophobic pattern and the effect of tryptophan described by O'Neil et a! (1987). 
The hydrophobic regions predicted by peak fiourescence wavelength shifts, match 
the hydrophobic groove in the binding tunnel very well (see Figure 1-5) if a single 
amino acid shift is allowed for the spacing of that particular complex. The two 
significant peaks for the effect of tryptophan position on KD (see Figure 5:1) are 
explained by tryptophan's ability to fit into either pocket A or D with a large 
hydrophobic surface shared between calmodulin and the amino acid, but not to fit 
into pockets B and C. 
As pockets B and C are features of the join between the N and C domains in this 
particular structure, it would seem likely that the presence, size, shape and 
significance of these two pockets will depend on the exact position of the two 
domains of calmodulin. Hence their use is less likely to be a common feature than 
that of either pockets A or D. 
Afshar et a!, (1994), suggest that the presence of basic residues at each end of a 
target helix, combined with the correct pattern of hydrophobic residues along the 
length, would maximise the strength of the binding interaction. The residues 
interacting with the four pockets would make a high hydrophobic moment likely, 
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since they lie around one side of the tunnel. Although these results are in part 
contradicted by Montigiani eta! (1996), the principle appears sound. 
Figure 5:10 and Figure 5.12 show how the large, hydrophobic residues Trp-4 and 
Phe- 17 interact with two deep pockets surrounded by methionine residues on 
opposite lobes of calmodulin. The spacing between the pockets matches the 
spacing shown by the motif recognition studies, as does the spacing between the 
charged domains (Figure 5:13). Figure 5:11 shows the relationship between the 
globular head domains and the linking helix in the Type I interaction, and shows 
how the positive charge (lysines in red) is dispersed through calmodulin and 
concentrated in the binding peptide. 
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Figure 5:10 Ca'Ca?vI bound to the MLCK caM binding peptide. Calmodulin is in 
blue with its C-terminal domain below the peptide, N-terminus above. The view is 
through calmodulin 's linking helix, coloured purple. Methionine residues have been 
coloured red. The MLCK peptide is in green, with the tryptophan and phenyalanine 
residues coloured yellow and represented as a space filling model. The N-terminus of 
the MLCK peptide lies to the right. Ca 2 is cyan. Rasmol image of Drosophila 




Figure 5: 11 Ca /CaM bound to the MLCK CaM binding peptide. The view is along 
the axis of the binding tunnel, from the N-terminus qf the MLCK peptide. Ca/modu/in is 
in blue with its N-terminal domain above the peptide, C-terminal domain below. Lysine 
and Arginine residues have been coloured red, the disordered linker helix, purple. The 
MLGK peptide is in green, with the trjptophan and phenylalanine residues coloured 
yellow and represented as a space filling model. Ca is cyan. Rasmol image of 
Drosophila calmodulin and rabbit skMLCK taken from PDB data after Ikura et al, 
(199 2) 
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Figure 5:12 The A and D pockets of caimodu/in. Pocket A lies to the left and contains 
the Trp of the MLC'Kpeptide. Pocket D lies to the right and contains Phe. 
Residues highlighted are: 
Red: 	lie 27, Leu 32, Met 51, Val 55, lie 63, Phe 68, Met 71 (D pocket) 
Phe 92, lie 100, Leu 105, Met 109, Met 124, Val 136, Val 144, Met 
124 ( A pocket) 
Yellow: Trp of MLCK calmodulin binding domain 
Cyan: Phe of MLCK caimodulin binding domain 
Rasmol image of Drosophila calmodulin and rabbit skMLGK taken from PDB data after 
Ikura et al (1992). 
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Figure 5: 13 The charge interactions in the calmodulinMLCK complex. The MLCK 
calmodulin binding peptide is shown in black, calmodulin in white. Highlighted 
residues are glutamates 7,11,14,84,87,114,120,123 & 127 as green space filling 
models, and the lysine and arginine residues of the MLGK peptide. The peptide lies N-
terminus to the left, with calmodulin 's N-terminal domain above it. Rasmol image of 
Drosophila calmodulin and rabbit sk!vILCK taken from PDB data after Ikura et al 
(1992). 
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5.1.4 Summary of information gathered on the calmodulin binding interaction. 
Overall, a considerable number of observations on the effect of specific amino-
acids on the calmodulin binding interaction are now available. Summarising this 
body of data may enable, not only general observations on the interaction, but also 
quantitative statements about specific interactions. 
Studies  
Pos" Msharet a! 1994 Lukas eta! 1986 O'Neil 
eta11987 
Herring 1991 Bagdii 
 et a! 1992  
Wuetal 1993 
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Figure 5:14 Summary of information on calmodulin binding peptides. The effects on 
the strength of the calmodulin interaction of deleting or mutation the amino acids 
shown are given as percentages of wild-type calmodulin binding strength. The column 
under Afshar et al shows a summary of those authors' conclusions on the structure of 
the calmodulin binding domain. Others show the original amino acid sequence, and the 
changes made to it. 
In collecting this information together, the model of binding proposed by Afshar et 
a!, (1994), was followed, in which a large hydrophobic residue is located into the 
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A pocket. This position is labelled position 4. Other residues are numbered on 
either side of this. 
5.1.4.1 Tryptophan-4 
It has been noted that the tiyptophan residue is commonly found in calmodulin 
binding peptides, and it is found in some binding complex structures to occupy the 
large pocket in the C-terminal domain of calmodulin. Afshar et a!, (1994), assign it 
position 4 in their set of amino acids, and that is the nomenclature followed here. 
Glaser et al, (1989), examined the effect of replacing the relevant tryptophan 





The absence of tryptophan is almost completely rescued by its replacement with 
valine, another bulky, hydrophobic group. A bulky charged group, arginine, 
supports significant activity, although a negatively charged group, aspartate, 
almost abolishes it. A small, hydrophobic group, glycine, supports only 18% 
activity. Thus, although negatively charged groups are not well tolerated, it 
appears that bulk, and area of interaction, are significant. It is not clear what 
advantage arginine could have over glycine, but it may be that glycine allows water 
into pocket A and reduces the hydrophobic effect there, whilst arginine, once 
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positioned, does not. The relatively close proximity on numerous glutamates 
explains the difference in complex stability between arginine and aspartate. 
In a similar examination, Arazi et a!, (1995), demonstrated that the replacement of 
the relevent tryptophan abolished GAD calmodulin binding, whilst its replacement 
with phenylalanine rescued it. 
In all, it appears important to both calmodulin binding by enzymes and calmodulin 
stimulation of those enzymes, that a bulky, and preferably hydrophobic, amino 
acid, is found in the calmodulin binding site. That that residue will be preferentially 
found in one particular location is suggested by the modelling of Afshar et a!, 
(1994), and the observations of O'Neil eta! (1987). 
5.1.4.2 Variation in calmodulins 
Furthermore, a summary of data concerning certain calmodulin amino acid residues 
may also be made. These amino acids are those which might be expected to affect 
the binding of a peptide. Figure 5:15 & Figure 5:16 show some residues of 
calmodulin which differ between different species. 
Two of the charged residues, D7 and D8 are commonly conservatively substituted, 
with glutamate (E7 and E8). Leucine 72 is frequently found to be methionine in 
higher organisms other than plants, and methionine 146 is also variable. 
L72 is found on the border of the N-terminal large pocket (pocket D). L to M is 
partially conservative; methionine is more flexible and capable of polarisation than 
leucine, but both are large linear hydrophobic chains. There are also three 
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methionines already present, (M73, M52 and M37), and the pressure to utilise 
another will suffer from the phenomenon of diminishing returns. It is not clear why 
L72 should be hypervariable in comparison to the other three, however. 
M146 is found on the border of the large pocket in the C-terminal domain, and is 
commonly replaced with threonine or isoleucine. Threonine and isoleucine both 
have two centers of asymmetry, which may reflect a requirement for a flexible 
steric surface at this point, with less emphasis on hydrophobicity. 
This examination of calmodulin demonstrates-remarkable conservation, even for a 
protein as well conserved across species as calmodulin is as a whole. This 
engenders confidence that the model proposed for calmodulin binding which 
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5.2 Further investigations 
There is currently a fairly consistently presented model of calmodulin binding being 
proposed and supported by experimental evidence. There are a number of binding 
forms which may be observed, summarised below. 
• Type-la - Compact structure of calmodulin, 
long binding helix (Afshar et a!, (1994); see 
Figure 5:14). 
• Type-lb - Compact structure of calmodulin, 
short binding helix (Afshar et a!, (1994); see 
Figure 5:14). 
• Type-II - Extended structure of calmodulin, 
double binding helix. 
• Type-111 - Calcium sensitive binding. 
The most powerful calmodulin binding proteins appear to operate using Type I 
interactions, and it is suggested that the probability that a novel protein may be 
calmodulin binding can be estimated by assessing the protein's fit to these models. 
The models are concisely described by Afshar eta! (1994), and can be codified in a 
scoring matrix, referred to as a profile. A number of profiles were used in this 
study and are presented in Appendix A. 
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In such a wide range of target sequences as are observed to bind calmodulin and 
with so many features to consider, no peptide could be expected (unlike more 
specified binding interactions) to score maximally. It may however be hoped that a 
consistent delimiting match might be found e.g. a score above which calmodulin 
binding is observed, and below which it is not. 
This is however complicated by the broad range of values elucidated for the 
calmodulin/target dissociation constant (KD) which cover 3 or more orders of 
magnitude. However, it may be possible to correlate score with binding strength 
within this range. 
Such an ability becomes all the more desirable in the current situation with large 
and ever growing databases of identified sequences now available to many 
researchers via the internet or World Wide Web. Indeed, the Arabidopsis 
Expressed Sequence Tag Project (Newman et a!, 1994) is compiling a database of 
cDNA sequences which have not yet been characterised, providing an exciting 
opportunity to identify new proteins of interest without the need for expensive and 
difficult cloning techniques. 
5.2.1 Principles 
Each profile is a 17 by 26 matrix. The 17 space axis represents a 17 amino acid 
window which is passed along the amino acid sequence. The 26 space axis 
represents 26 possible amino acid codes, although only 21 are commonly used (the 
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20 amino acids plus 'X' for an unknown amino acid'). In a simple profile, each 
amino acid in the window is scored according to that row on the chart and the 
scores combined by addition. A high score indicates that a large number of amino 
acids are of the correct type and in the correct place for that window to fit the 
model. 
5.2.2 Tests of the profiles. 
The profiles were tested in 3 experiments. 
	
5.2.2.1 	Test] - Does the profile identify a known calmodulin binding domain in 
a calmodulin binding protein? 
This test was performed by miming the profile over a set of calmodulin binding 
proteins in which the calmodulin binding domain had been experimentally 
determined. A 'hit' was recorded if the highest score for the profile was found to 
be associated with a peptide wholly or partially within the region previously 
determined. 
5.2.2.2 	Test2 - Does the profile identify calmodulin binding proteins in a sample 
background? 
The test was complicated by the fact there are at present few or no proteins 
recorded as not binding calmodulin. Only proteins which had been tested for 
binding and found not to bind would have been suitable. The test was conducted 
by producing the probability distribution curve for scores for each profile based on 
random amino acid sequence using amino acid frequencies noted for plants. The 
'The 20 codes used are A (Ala), C (Cys), D (Asp), E (Glu), F (Phe), G (Gly), H (His), I (lie), K (Lys), 
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distrubution was compared with the distribution of scores generated in Test 1, and 
the results discussed. 
5.2.2.3 	Test3 - Does the profile predict binding strength? 
The dissociation constants (K D) of a number of calmodulin binding peptides have 
now been measured, and these peptides provide a database to assess the 
relationship between a qualtitative measure of calmodulin binding strength and the 
quantitative measure of fit to the model. 
Scores for these peptides were prepared and correlations between a score and a 
number of functions of KD (and vice versa, between KD and a number of functions 
of score) were calculated. 
5.2.3 Single profiles 
The basic profile pattern is shown in Figure 5:17. 
Figure 5:17 The basic profile pattern. 
The three classes are sets of amino acids as follows: 
• Bulky 	 W,F,V,L,I 
• Hydrophobic 	M,C, TA, G,S 
• Charged 	KR 
Variants on this profile apply a closer understanding of the model, using a wider 
range of values than presence or absence. 
L (Leu), M (Met), N (Mn), P (Pro), Q  (Gin), R (Arg), S (Ser), T (Thr), V (Val), W (Tip) & Y (Tyr). 
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Profile 1.2 	Here bulky amino acids are also scoring in hydrophobic positions. 
Profile 1.21 	Here, W is dealt with differently from the other bulky amino acids 
in that it does not score in the positions normally occupied by 
small hydrophobic amino acids. 
Profile 1.3 	Here, the presence of negatively charged amino acids (E,D) are 
penalised with a -1 score in all positions. 
Profile 1.31 	Here, the penalty is only applied in positions expected to contain 
positive amino acids. 
5.2.3.1 Results with Profile 1.xx 
Initial results proved difficult to interpret, due to the simplicity of the profile and 
the noise it thus generated. Three results are shown in Figure 5:18. In all three, for 
MARCKS, nmMLCK and NO synthase, it is possible to discern the experimentally 
deduced binding site. In MARCKS it is characterised by a region of generally high 
scores around the correct position (approximately 150 amino acids along). In 
nniMLCK a single very high score is visible at approximately the correct position 
at the C-terminal end of the protein. In NO synthase (endothilial NOS, Schmidt et 
a!, 1992), however, there is a concentration of generally high scores at the 
approximate position of the elucidated binding site (494-504, Matsubara et a!, 
1997) and also a single very high score close to the N-terminal end of the protein. 
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Calmodulin show extraordinary flexibility in binding, including D-enantiomerS of 
known binding peptides (Fisher el a!, 1994). To be thorough, the amino acid 
sequences were also scored in the reverse direction. The reverse scoring graphs for 
the three proteins shown above are given in Figure 5:19. The discrimination of the 
MARCKS score appears to be better when scored in reverse. No experimentally 
deduced structures have yet been produced for the interaction between MARCKS 
and calmodulin, but this result suggests that the protein binds in a 'reverse' 
conformation to that described for MLCK. The probability of false positives is also 
high with these simple profiles. Figure 5.20 shows the bell curve shape for the 
probability of any score. 
Probability of score for profiles 1.xx 
Figure 5:20 Probability distri bution for single profiles. 
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The highest scores recorded for a selected set of calmodulin proteins are given in 
Figure 5:21. The scores given are the highest in the protein, regardless of whether 
the position is accurately predicted or not. The mean of these scores is regarded as 
a cut off, a protein might reasonably be expected to have a score exceeding this to 
be a calmodulin binding protein. The probability is the probability of random 
sequence (based on plant codon usage) having a score exceeding the cut off. 
Profile  
1.00 1.20 1.21 1.30 1.31 
MARCKS 10 11 11 10 10 
CamlU 11 11 11 10 11 
CamKII 9 11 10 9 9 
CDPK 11 12 12 11 11 
Calspermin 12 13 13 12 12 
NO 12 12 
synthase  
12 11 12 
Calcineurin 10 11 11 10 10 
Ca2 pump 9 10 10 9 9 
CBP 13 14 14 13 13 
TRPL 10 10 10 10 10 
NinaC 11 11 11 10 11 
Ryanodine 10 11 
receptor  
11 10 10 
Adenylate 10 11 
cyclase  
11 9 10 
MLCK 12 12 12 12 12 
Mean score 10.714 11.429 11.357 10.429 10.714 
—Mean 10 11 11 10 10 
Pr(Sc)—mean) 1.69x104 1 	1.21x104 9.7x10 5 7.3x10 5 1.07x10 
Figure 5:21 Summary of results generated by simple profiles. 
Given that the profile needs to cover each sequence twice (once forwards and once 
in reverse) and that databases contain very large amounts of DNA, these 
probabilities are high. A screen of 50,000 genes (a reasonable genome) each of 
1000 amino acids, where each window stood a 10 chance of a 'high' score, would 
predict 4800 calmodulin binding proteins. Initially it seemed highly unlikely that 
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there should be so many calmodulin binding proteins present in any higher 
organism, but the number is not excessively large (see Chapter 7). It appears that 
these simple profiles do go some way towards identifying calmodulin binding 
domains. 
To test the correlation with these simple profiles and binding efficiency, a list of 
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Figure 5:22 Calmodulin binding domains and KD values. 
The results of scoring these peptides are presented in Figure 5:23. Two significant 
observations can be made. Firstly, the range of scores is relatively wide, with low 
scores being associated with peptides that have been identified as the calmodulin 
binding domains of these proteins. Applying these low scores as a mean cut off 
point for predicting calmodulin binding activity (as above) suggests that any survey 
would yield a very large number of apparent positives. 
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Name Kd lIKd log(Kd) p1.00 p1.20 p1.21 p1.30 p1.31 
skMLCK 1 1 1 12 13 12 12 12 
smMLCK 1 1 1 12 12 12 12 12 
PDE 30 0.033333 0.403694 9 10 10 8 9 
Kinasell 1 1 11 10 121 12 10 10 
CaMK 3 0.333333 0.676992 12 12 12 12 12 
PbK-a 20 0.05 0.434588 7 9 8 7 7 
PbK-b 6.5 0.153846 0.551598 8 9 9 8 8 
PFKinase 11.4 0.087719 0.486167 6 6 6 5 5 
Ca Pump 600 0.001667 0.264681 8 9 8 8 8 
Spectrin 100 0.01 0.333333 9 9 9 9 9 
Ac'ase 580 0.001724 0.265715 6 6 6 5 6 
Caldesmon 800 0.00125 0.256207 7 7 7 6 7 
hsp70 10 0.1 0.5 9 10 10 8 9 
mastoparan 3 0.333333 0.676992 6 7 8 6 6 
Correlations Kd -0.405 -0.489 -0.554 -0.436 -0.369 
11   0.695 0.731 0.7581 0.720 0.681 
1(log(Kd)+1) 0.6811 0.732 0.7831 0.712 0.659 
Figure 5:23 Summary table of results for known calmodulin binding domains scored 
with the simple profiles. 
The second observation is that the correlation between KD and score is high. Since 
KD is inversely related to binding strength, the inverse of KD is examined, as is the 
natural logarithm of KD . The scatterplot of these data, however, shows a cloud 
shaped distribution of scores, reducing confidence in the ability to relate score and 
binding affinity. 
Profile 1.21: Binding strength and score 
14 
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Figure 5:24 Scatterplot of loge KD against score for profile 1.21 
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5.2.4 Double profiles: Profile 2.10 
These simple profiles have been criticised (Coffins, J. pers comm.) because the 
narrow range of scores they create does not allow for a wide enough range of 
values. Discrimination between binding and non-binding proteins is not likely to be 
possible with such a simplistic model. The first generation profiles were used to 
examine a database of EST sequences from plants (Newman et al 1994). A large 
number of comparatively high scores was observed. Close examination of these 
sequences revealed the presence of two over represented patterns which could be 
easily discarded as potential calmodulin binding proteins, by eye. These sequences 
were either lysine or arginine rich; or highly hydrophobic, and probably capable of 
membrane spanning, or likely to be internalised in large proteins. 
To discard these sequences, the absence of appropriate features must be penalised 
in some fashion. Simply raising the threshold score (the score at which it might be 
suspected a peptide will show calmodulin binding activity) will create many false 
negatives i.e. it incorrectly rejects calmodulin binding proteins, and is thus not an 
acceptable method. To solve this, an innovation was developed to combine 
different patterns of features in different logical combinations. 
In a double profile, two matrices are used. Each is scored as a simple profile and 
the final scores combined by multiplication. Whilst addition is the mathematical 
equivalent of the logical 'OR' function, multiplication is the mathematical 
equivalent of the logical 'AND' function, as summarised below: 
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-U 
Thus, whilst a simple profile can produce a high score with matches in part of the 
matrix, and not in others, a double profile requires matches in both parts of the 
pattern which are divided into the two matrices. 
Profile 2.10 
This profile splits the two major chacteristics of calmodulin binding proteins, 
charge and hydrophobicity and combines them in a logical AND fashion by using 
multiplication rather than the more common addition (equivalent to logical OR). 
Profile 2.20 
This development assigns different scores to individual amino acids, recognising 
the significance, for instance, of the tryptophan residue. Scores are based on the 
summarised data on calmodulin binding peptides. 
5.2.4.1 Results with profile 2.10 
The probability distribution of the first double profile reveals a much wider range 
of scores, with a much lower chance of high scores occuring, than for the single 
profiles described earlier (Figure 5:20). 
Scoring the previously examined proteins (MARCKS, MLCK and NO synthase) 
with this profile demonstrates the improved clarity that the more stringent 
algorithm created by a double profile produces (Figure 5:26 & Figure 5:27). 
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Taking the 35 point score indicating the (accurate) MLCK and MARCKS binding 
domains as an example cutoff, it can be suggested from the above probability 
distribution that only 143 out of approximately 107  random 1 7mer windows 
should score as calmodulin binding peptides. However, whilst the profile scores as 
highly as 90 points, only 42 different scores are possible, so the discrimination is 
not significantly increased. The major advantage lies in the redistribution of the 
probabilities so that zero scores become far more common and high scores far 
rarer (Figure 5:25). 
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Figure 5:25 Probability distributions for scores from profile 2.10. Upper graph does 
not show the probability of a zero score. Lower graph is plotted using a Log j0 scale to 




















MARC KS. Profile 2.10 
51 	 101 	151 	201 	251 
Position 
nmMLCK. Profile 2.10 
201 	401 	601 	801 	1001 	1201 	1401 	1601 	1801 
Position 
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Figure 5:26 Profile 2.10 (forward) scores for three calmodulin binding proteins. 
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MARCKS reverse. Profile 2.10 
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Figure 5:27 Profile 2.10 (reverse) scores for three calmodulin binding proteins. 
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5.2.5 Double profiles: Profile 2.20 
The final development of the profile involved quantifying the contribution of amino 
acids at different positions. The peptide was considered to be anchored by a large 
amino acid at position 4 to provide a numerical reference point. Consideration was 
made both of the positional confidence of an experimental observation, and of the 
absolute effect of the score. The starting point was profile 2. 10, with each point on 
that score being expanded to ten in the new profile. Points assigned to an amino 
acid at a given position could thus be altered up or down. The discussion refers as 
a whole to Figure 5:14 and Appendix A (Profiles). 
N-terminal charged domain 
This is assigned by Afshar et a!, (1994), to residues 1-3 relative to the large 
anchor, which they describe as occupying pocket 'A' of calmodulin. There is no 
evidence for a preference for either lysine or arginine in these positions, but charge 
reversal mutations strongly reduce calmodulin binding. One study (Bagchi et a!, 
1992) found the first position to be more significant than the following two. 
Positions 5 and 6 in strong calmodulin binding peptides are also commonly 
positively charges, and mutations introducing hydrophobic or negatively charged 
amino acids at these positions can significantly effect the effeciency of the 
calmodulin binding domain. 
Position 4 
Alterations to the amino acid in this position can have very severe effects. A 
number of studies note that when the natural amino acid in this position is 
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tryptophan, the peptide can tolerate only a very limited range of substitutions. 
Valine and phenylalanine have both been reported to give good rescue of activity, 
and leucine, another relatively bulky hydrophobic amino acid can be found in this 
relative position in natural binding peptides. Glaser et a!, (1989), have suggested 
that it is bulk which is more significant than hydrophobicity since arginine provides 
some recovery. Personal observations of the large binding pocket in published 
structures (such as Meador et a!, 1992) using the visualisation package SYBIL 
indicate that despite the considerable size of the pocket and the space surrounding 
the aromatic ring of tryptophan, there is no water present. This suggests a quite 
considerable hard vacuum in a small area, and an associated great force holding the 
two proteins together. It is unlikely that this acute hydrophobicity would occur 
were the key tryptophan replaced with a charged group. Indeed, others (Wu et a!, 
1993), find no rescue with arginine in this position. 
3. 	Middle hydrophobic pattern 
The middle section of the peptide is far less specific than the N-terminus. The 
significant features of the binding tunnel described by Afshar et a!, (1994), 
involved the mated edges of the globular head domains of calmodulin, whose 
position is known to be extremely variable. Thus, these features cannot be 
presumed to be constant between different binding interactions. Also, the peptide 
can be coiled more or less tightly in the tunnel than commonly observed for a-
helix, and hence the positions of amino acids relative to binding site features can be 
shifted. Both positions 7 and 8 can contain bulky hydrophobic residues, but it is 
unlikely to be both. However, taking MLCK (as described by Ikura et al, 1992) as 
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a paradigm, and the observation that parts of the pattern suggested by Afshar et a! 
(1994) can be observed in a number of binding peptides, that pattern can be 
adopted, assigning the longer pattern (Figure 5:14, and Rhoads & Friedberg, 
1997). 
C-terminal hydrophobic residues 
It has been noted (Bagchi et a! 1992) that C-terminal mutations are generally less 
significant than N-terminal mutations. This, combined with considerable positional 
ambiguity, means that lower scores have been assigned to residues in these 
positions. It is suggested, for instance, that residues at both positions 13 and 17 
may interact with pocket D. This is a large pocket, and may take two large amino 
acids, but the effect is unlikely to be wholly additive. Thus, the score for utilising 
the pocket is split between the two positions. Similarly positions 10, 11 and 14 can 
all interact with pockets B and C, if they exist in that particular binding structure. 
The dependency of each amino on the presence of others means that high scores 
cannot be attributed with confidence. 
C-terminal charge 
The C-terminal charge is not commonly regarded as being as significant as N-
terminal charge, although this may be because studies of CDPK and MILCK have 
centered on the region adjoining the autoinhibitoiy domain, which lies up stream of 
the calmodulin binding domain. Holistically, it is considered that overall charge is 
significant (O'Neil & Degrado, 1990), but the defined structures now available 
reveal quite close interactions with significant domains of calmodulin (Figure 
5:13). The negative patch on calmodulin which is associated most closely with the 
136 
A pocket is larger than that associated with the D pocket, and due to positional 
uncertainty this far (11 amino acids) from the reference point (Trp-4) the scores 
associated are lower. 
5.2.5.1 Results with profile 2.20 
The possible scores range from 0 to 11901, but only about 4000 are possible, and 
only 92 have probabilities sufficiently above zero to be recognised by the program. 
The distribution of scores up to 5000 is given in lOOpoint groups in Figure 5.28. 















Figure 5:28 Probability distribution of scores for profile 2.20. Graph does not show the 
probability of a zero score. 
There is no clear improvement in the new profile (Figure 5:29), although a number of 
points may be made. There is some apparent reduction in noise, and an 
improvement in discrimination of the calmodulin binding domain of human 
endothelial NO synthase. This domain is reported to exist at approximately amino 
acids 494-504 (Matsubara, et a!, 1997) but the profile picks up a distinctly higher 
score for a peptide running from 94-111. 
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The three sequences are: 
PCTPRRCLGSLVFPRKL 	94-111 Scores 4750 
RKKTFKEVANAVKI SASLMG 493-503 Scores 1845 (Reported binding site). 
AVKI SASLMGTVMAKRV 	503-520 Scores 2920 
NO synthase is an example of protein which contains a peptide which in isolation 
may well be expected to bind to calmodulin, but in the whole protein, is prevented 
from doing so in some fashion. The study of this protein, and others like it, is likely 
to yield rewards towards the prediction of calmodulin binding sequences. The false 
positive scores are due to high hydrophobic matrix scores. 
If this anomalous high result is put to one side, the improvements made in profile 
2.20 over profile 2.10 are visible in the clearer discrimination of the 727-747 
binding motif. There are nearby peaks at 399, 834, 921 and 978 which are 
confused with the binding site if scored under profile 2.10, whilst profile 2.20 
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Figure 5:29 Scores for three calmodulin binding proteins by profile 2.20 
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MARCKS reverse. Profile 2.20 
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Figure 5:30 Reverse scores for three ca/modulin binding proteins by profile 2.20 
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5.2.6 Summary of results 
5.2.6.1 Correlation of score and KD 
The various profiles were all scored with two data sets of calmodulin binding 
peptides, for which the KD values were known. The larger set contains the smaller. 
The smaller set was originally used to test the simple profiles, and gave high 
correlations, the larger set was assembled to further test both those and the double 
profiles. The sets are given in Appendix B. 
Profile Small set Large 
set 
1.00 0.700 0.494 
1.20 0.729 0.564 
1.21 0.808 0.624 
1.30 0.722 0.575 
1.31 0.688 0.546 
2.10 0.760 0.625 
2.20 0.843 0.557 
Figure 5:31 Summary of correlation results for the calmodulin binding pro/lies 
The larger dataset contains a repeated group of closely related peptides, the 
artificial peptides created by Cox et a!, (1985), to assess the fluorescence effect of 
the tryptophan residue. The presence of a large group of peptides which are all 
closely related to each other is likely to push the correlation as a whole; if the 
group fit the effect behaviour pattern very highly, the correlation benefits 
disproportionately. Vice versa, should they be a less good fit than the average, the 
correlation will be reduced more dramatically than ought to be the case for what is 
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essentially a single diversion from the pattern. The larger dataset is still, however 
valid, as the variations of binding strength due to subtle changes in the peptide 
should still be detectable by a good algorithmic predictor of calmodulin binding 
activity. 
The higher correlations found with the small dataset, and the progressive increase 
with successive profiles, is not unexpected. The small dataset was used during the 
development of the profiles, and the proteins found in it studied as paradigms, so 
the final model is to a certain extent based upon that set of peptides. The difference 
between the two datasets indicates the degree to which that dataset is not 
representative of calmodulin binding proteins as a whole. 
Using the larger and more rigorous dataset, it is noticable that the simpler profiles 
perform better; 1.21 for the single profile, and 2.10 for the double. These are 
essentially presence absence profiles, scoring the class of amino acid in a position, 
not the exact amino acid. 
Considering the improved distribution of probability engendered by the double 
profiles to indicate that they are a valid progression of the model, the scatterplots 
of the peptide scores against Ln(KD) are given in Figure 5:32. 
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Profile 2.10: Binding strength prediction 
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Figure 5:32 Scatterplots of Loge  KD against score for the double profiles. 
There are two observations that can be made. The first is clearest with profile 2. 10. 
The variance in the results (i.e. the variation in the scores for similar KD values, 
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visible as the vertical spread of the group of points) is larger for the stronger 
binding peptides. 
This has two implications. Firstly, the profile, and the model it is based upon, are 
only successfully scoring one of a number of binding 'mechanisms' present in the 
dataset. Note that these 'mechanisms' may be subtle differences between the bias 
of amino acids. Certain amino acids will act synergistically together, rather than 
additively. In principle, the concept of the double profile, which opens the 
possibility of combining observations in a number of logical patterns, could be 
applied to score favourable combinations of amino acids, but the number of 
quantitative observations of the calmodulin binding activity of peptides is too low 
to allow the models to be made yet. 
The second suggestion is that whilst a low score is possible for a strongly binding 
peptide, (meaning that the mechanism of binding is not the one modelled), a high 
score is not possible for a weakly binding peptide. This implies that all high scoring 
peptides must be capable of calmodulin binding. This raises several implications 
with are further considered in the discussion. 
The second observation that can be made is that there are either two noticable 
erratic points with very high scores (K=1nM, scores of 7210 and 5520), or there 
is a sudden and very dramatic increase in variation as the binding strength 
increases. There may be a number of reasons for either of these observations. 
The outliers may be due to overzealous concentration on a particular subset of the 
calmodulin binding peptide population during the formulation of the model. 
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Indeed, MILCK. and CDPK binding domain sequences were those most often 
investigated in the literature, and MLCK in the form of artificial peptides such as 
RS20 (Afshar eta!, 1994), is that used in structural and modelling studies. 
The outliers are in fact skMLCK and smMLCK. 
The sudden change in variance at KD values of approximately mM is possibly due 
to the difficulties inherent in measuring such low KD values experimentally. A 
number of competition systems have been used, the most successful being the 
bound Melittin substrate 'Melex' (Cox et a!, 1985). The apparent variance may 
therefore to some extent be due to misplacing the points along the X-axis rather 
than erroneously scoring them. The approximate KD values for the outlier 
sequences based on this idea are e45 and e 55 (0.011 nM  and 0.004nM). Removing 
the points as inaccurate raises the correlation between score and Ln(K D) for profile 
2.20 to 0.603, from 0.5 57. 
There is one other outlier on the Profile 2.20 graph; a Ca 2 pump peptide with a 
score of 2775 and a Kd of 600nM. There is another Ca2 pump peptide in the 
dataset, which scores 1750, yet has a reported KD of O.lnM. This peptide is 
reported by Enyedi et a! (1989) and is the binding for the peptide itself. Notably, 
this peptide binds 40x more strongly than the protein as a whole. (Other authors, 
for instance Munier et a! (1993) report peptides binding with lower affinity than 
the whole protein). The review from which the other, less strongly binding peptide 
is taken quotes this same paper as the source of its information. Due to the lack of 
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confidence which this confusion induces in the results, the two points can be 
discarded (but are retained in the results given here for completeness). 
The final, trimmed dataset, with MLCK removed since it provided the basis for the 
model and the high scores it produces being artificial as a result; and the C2 
pumps removed due to lack of confidence, produces the correlations summarised 









Figure 5:33 Updated correlations between KD and profile score for the customised large 
dataset. 
5.2.6.2 Distribution of score probabilities. 
The development of the profiles used through the seven generations detailed, 
resulted in a progressively more selective algorithm. This is clearly shown by the 
score probability distributions of the profiles (Figure 5:20, Figure 5:25 & Figure 
5:28). For each profile it is possible to estimate how many positive hits might be 
expected from an ideal randomised amino acid sequence, for which the codon 
usage of Arabidopsis was utilised as the basic data. An estimate of 10 7 amino acids 
per genome was used, with peptides of 700 amino acids, and the number of 
positive scores which would be returned by the randomised sequence was noted. 
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Stringency   Profile  
1.00 1.20 1.21 1.30 1.31 2.10 
High Score 11 11 11 11 11 42 
PPG 1414 8095 6586 690 944 20 
Medium Score 10 10 10 10 10 35 
PPG 11144 46226 39780 4990 7208 434 
Low Score 9 9 9 9 9 24 
PPG 53082 1 	96871 94358 25706 36958 14185 
Figure 5:34 Predicted positive scores per genome (PPG, a genome being 107  windows) 
for searches based on three degrees of stringency. Profile 2.20 is not shown, as number 
handling errors lead to erratic probabilities for high scores. 
The scores used to determine bits, were taken from a visual inspection of the 
results generated for section 5.2.6.3, i.e. the scores recorded for accurate 
predictions of the calmodulin binding domains of some known calmodulin binding 
proteins. Three scores for each profile were selected to represent three degrees of 
stringency. Progressively higher degrees of stringency will cause more rejections of 
real calmodulin binding proteins, but allow greater confidence that the proteins 
which are scored as hits, are real calmodulin binding proteins. 
The successive developments of the profile show a general trend towards fewer 
positives returned. This indicates a greater discrimination. The fact that real 
calmodulin binding proteins continue to score highly indicates that the two 
populations of proteins (binders and non-binders) are responding differently to 
changes in the profiles. Non-binding proteins are scoring lower scores, whilst the 
binding proteins continue to score highly. 
The introduction of the double profile and the highly stringent AND function into 
the algorithm yields a dramatic improvement in the discrimination of the algorithm. 
147 
It is, moreover, significant that a sample selection of calmodulin binding proteins 
produce more high scores then are predicted for a complete genome. Calmodulin 
binding sites are obviously evolved away from random sequence, and are relatively 
common. 
5.2.6.3 Identification of calmodulin binding domains. 
To assess the abilities of the profiles to discrimination calmodulin binding domains 
within fully sequenced proteins, a selection of protein sequences was collected. 
The top scores predicted by each profile for each protein were recorded. When a 
score was obviously significantly higher than the rest of the protein, it alone was 
recorded. 
There are relatively few proteins which have been identified as calmodulin binding 
proteins, which have also been characterised to the extent that the location of the 
calmodulin binding domain has been experimentally proven. Several proteins have 
had a domain excised which has been demonstrated to bind calmodulin (e.g. Baum 
et a!, 1993), and some proteins have had single amino acid mutations made which 
significantly alter the characteristics of their calmodulin binding activity (e.g. Zhang 
& Vogel, 1994b). Both of these protocols are generally taken as evidence that the 
section of sequence in question is responsible for the calmodulin binding as a 
whole, although these are not thoroughly rigorous. 
A selection of calmodulin binding proteins were selected from the literature and the 
GenEMIBL database. The amino acid sequences as given in the database were 
processed by the various profiles and the highest scores and their locations were 
noted. 
Eight of the proteins have been experimentally analysed to the extent that their 
calmodulin binding domain has been identified. The proteins are identified by their 
accession number on the GenEMBL database, and are listed in Figure 5:35. The 
score profiles generated for this set of proteins were examined, and predictions of 
calmodulin binding sites were made. It was attempted to match these scores to the 
described binding sites given by the references given in Figure 5:35. 
Considerable difficulty was encountered. For instance, Shoemaker et a!, (1990) 
report the calmodulin binding site of fbMLCK to be in the vicinity of 1081-1101, 
of a 1257 amino-acid protein. The protein sequence found at the accession number 
given (X52876), however, is over 1800 amino acids long and differs (by visual 
inspection) from that given in their paper. The sequence in the paper which binds 
to calmodulin matches, however, the sequence picked out by the profiles which is 




CaM binding domain Reference 
A39169 MARCKS 145-171 Blackshear, 1993. 
S16233 NO Synthasé 727-747 Zhang & Vogel, 1994. 
M64757 CDPK (Rnorvegicus)  
S46283 CDPK (A.thaliana)  
A14850 Adenylate cyclase 
(B.pertussis) 
235-254 Munier et al 1993, 
 Glaser et al 1989 
J03886 skMLCK (R.Norvegicus)  
X52876 IbMILCK (G.gailus) 1081-1101 Shoemaker et al, 1990 
J05087 CaM sensitive 
Ca21 /ATPase (R. 
norvegicus)  
L01496 CaM binding protein 
(Z.mays)  
LO 1497 CaM binding protein 
(Z.mays)  
L22557 1G5 kinase-like CaM 
binding protein (R. 
norvegicus)  
L49358 AKCBP 1218-1240 Reddy etal, 1996 
S79243 HSP (N.tabacum)  
X12801 Fodrin (Mmusculus)  
Z38126 Protein kinase 
(M.domesticus)  
U58971 TCB60  
X54963 CMP1  
X54964 CMP2  
L16797 GAD (P.hybrida) 469-500 Baum et al, 1993 
Z17313 CamKII (M.domesticus) 290-330 Shoemaker et al, 1990 
M88185 TRPL 236-275 Philips et al, 1992 
Figure 5:35 Accession numbers and experimentally determined calmodulin binding sites 
for a number of calmodulin binding proteins. These constitute the binding site 
prediction dataset, and some do not have experimentally determined binding sites. 
Taking this variation between reported and available data into account, the success 
of each profile in pinpointing the binding site of each calmodulin binding protein 
was rated. Figure 5:36 gives a summary of the success of the various profiles on 
some of the data set proteins. 
It is also possible to examine which sequences the profiles did pick out as 
calmodulin binding. Profile 2.20 is used, as it is the most developed profile. The 
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returned sequences are listed in Figure 5:37. The score distributions for these 
proteins scored by profile 2.20 are given in Figure 7.1. 
Acc# Name   Profile used  
1.00 1.20 1.21 1.30 1.31 2.10 2.20 
A39169 MARCKS 3 3 3 3 3 3 3 
S16233 NOSynthase x x x x x 1 2 
A14850 Adenylate x x 
cyclase  
x x x 2 x 
J03886 skMLCK 3 3 3 3 3 3 3 
X52876 IbMLCK 3 3 3 3 3 3 3 
L16797 GAD x x x x x x x 
Z17313 CamKll 1 3 1 1 2 2 3 
L40358 AKCBP x x 	.x x x x x 
M88185 TRPL 1 x x 1 1 x x 
Key: 	3=biggest peak of score hits the described area. 
2=a major peak hits the described area. 
1=rninor, but discernable peak, hits the described area (only scored for profile 2.20) 
X=score does not highlight described area. 
Figure 5:36 Summary of success in isolating calmodulin binding domain in calmodulin 
binding proteins. 
Acc# Name Predicted 
binding domain  
Sequence 	(all read N-C) 
A39169 MARCKS 146-reverse FKKSFKLSGFSFKKSKK 
S16233 NO Synthase 11 -forward  KRKVGGLGFLVKERVSK 
S46283 CDPK (A.thaliana) 277-reverse VRSRLKQFSMMNRFKKK 
A14850 Adenylate cyclase 855-forward RRRTKTGKSEFTTFVEI 
J03886 skMLCK 372-forward KRRWKKNFIAVSARNRF 
J05087 PMCA3 1106-forward MEWSTFKRSGSFQGAV 
L01496 Maize CBP 102-reverse WLKIKAJ\NRWGIFVRKK 
L01497 Maize CBP 255-reverse WLKIKPJ\MRWGIFVRKK 
L22557 1G5 312-forward RAKWKKI\VRVTTLMKRL 
L40358 AKCBP 492-forward LKALPYGNSVFFSVRKI 
M64757 CDPK(R.norvegicus) 321-forward RRKLKAAVKAWAS SRL 
S79243 HSP 48-forward PPKGGYRLNPDWVIKRV 
X52876 fbMLCK 1733-forward RRKWQKTGHAVPAI GRL 
Z17313 CamKll 334-forward RRKLRAAPLIASVWTSSI 
Z38126 Protein kinase 186-reverse RASVWTSSIFLRTKKLK 
L16797 GAD 126-reverse VGSSEAIMLPiGLPFKRK 
M88185 TRPL 707-reverse FNVLP SVKWVI RI FRKS 
U58971 TCB60 523-reverse WLKI KAPNRWGFFVRKK 
X54963 CMP1 457-forward RKALRNKI IAIAKVSPM 
X54964 CMP2 504-forward RKALRNKI LAVAKVSRN 
X12801 Fodrin 225-forward RADQRKAKLGINGI RGL 
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Figure 5:38 Output graphs of profile 2.20 scores for a series of calmoduiin binding 
proteins. Forward scores are in blue, reverse scores are in pink. X-axis is position, Y-
axis is score. 
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Figure 5:39 Output graphs of profile 2.20 scores for a series of calmodulin binding 
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Figure 5:40 Output graphs of profile 2.20 scores for a series of calmodulin binding 




It is possible to discern a number of different types of calmodulin binding, most of 
which appear to use the same features of calmodulin. There is a considerable 
amount of information now available which describes the effect of changes to 
calmodulin binding peptides and changes to the binding site of calmodulin itself. In 
an attempt to assess how complete the description of the calmodulin binding 
interaction is, a profile based on the information available was created and 
developed. The set of profiles so produced score successive 1 7mer windows of any 
input sequence and, based on simply the sequence of amino acids present, provide 
a numerical suggestion of the calmodulin binding ability of each peptide. 
There are certain restrictions on the usefulness of the profiles. A sub set of 
calmodulin binding interactions was used as the focus for the development of the 
profiles. These interactions, Type la, involve the binding of calmodulin to a single, 
helical peptide strand, with a certain spacing of hydrophobic patches. Whilst this 
spacing is intrinsically flexible, it does not allow for severe variations; for instance 
Type lb interactions. It is possible that some of the misses made by the profiles 
used here (where the profile does not return a high score for a known calmodulin 
binding domain) are due to the presence in those proteins of Type Tb binding 
domains. 
5.3.1 The identification of calmodulin binding domains. 
One area of use for a profile of this type is the identification of the calmodulin 
binding domain within a known calmodulin binding protein. Care must be taken 
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when interpreting any high scores. The 1 7mer windows are scored in isolation, 
and thus the activity of a 1 7mer is being assessed, not the activity of the whole 
protein. Whilst in the case where a protein is known to be calmodulin binding, the 
highest score immediately becomes the most likely candidate for the calmodulin 
binding domain, a number of alternatives must be considered; 
The physiological binding site may not be a Type la site. 
The highest scored domain may not be correctly presented in the 
intact protein. 
The profile may not accurately describe this binding site. 
On the whole, this profile appears to have accurately described the binding 
domains for a set of calmodulin binding protein classes which includes MLCK, 
CDPK, and CaM Kinase II. All of these are relatively strong calmodulin binding 
proteins and make use of a relatively conserved pattern of positively charged 
residues. 
Other calmodulin binding proteins' calmodulin binding domains are less well 
discriminated. Plant calmodulin binding proteins outside the group described above 
(including AKCBP and GAD) do not yield accurate domain predictions. In at least 
one case (GAD), this appears to be due to the presence of a number of negatively 
charged amino acids within the binding site. This is rarely observed, and due to the 
low number of independent plant calmodulin binding proteins characterised in 
depth, it is not clear whether this is a general pattern. 
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The profile specifically penalises negative charge within the calmodulin binding 
domain, and thus the presence of negative charges (even if, as in the case of GAD, 
these negative charges are balanced by positive charges) results in low scores. 
Despite these drawbacks, the profiles as presented, particularly the double profiles, 
are a useful and easily applied tool with which to examine new sequences. A 
further development based on the more compact Type Tb profile would also be 
possible and used in conjunction with the profiles given, this would allow the 
possible discrimination not only of the location of the calmodulin binding domain, 
but also something of its nature. 
5.3.2 The identification of calmodutin binding proteins. 
The recent explosion in the availability of computer stored sequence information 
opens the way to systematic screening of recorded sequences for any number of 
behaviours. Many screens can be carried out on the basis of homology with 
proteins of known function, or by homology with short conserved motif sequences. 
Calmodulin binding, however, is a behaviour which is sufficiently flexible that 
screening on the basis of homology is not successful. 
These profiles may provide the first step towards computer 'search engines' 
capable of identifying calmodulin binding proteins without the need for complex 
biochemical experiments. The simple manner of their application allows a high 
turnover of screening, with many millions of sequences being screened in few 
hours. 
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The better profiles, however, involve a novel combination step, where the scores of 
two matrices, which have been generated by addition, are combined by 
multiplication. Current high performance search engines do not support the parallel 
scoring of two matrices and a combination of this type, but the production of a 
low-level language, dedicated search engine, would not be a complex task for a 
programmer with the appropriate skills. 
The language used for the simple tasks described in this work was Visual BASIC; 
a high level language. High level languages operate at a much higher level than the 
computer's built in processing language. The processor spends most of its 
computation running the support software, rather than the user's program itself 
Low level languages are compiled in code which requires much less translation by 
the machine, and are therefore much faster and more efficient, and used for 
production software. Whilst the early profiles took several seconds to score all the 
windows in any one protein, the same profiles encoded into Collins' 'MP Search' 
program took fractions of a second (Collins, University of Edinburgh, Pers. 
comm.) 
Care must be taken interpreting any results. Firstly, the program will produce a 
number of false negatives, and the output is thus not a representation of the 
number of physiologically significant calmodulin binding proteins. Secondly, the 
program will produce a number of false positives; proteins which score highly and 
thus appear to be calmodulin binding proteins. 
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These positives themselves must be assessed carefully. As has been noted, the 
profiles score each 1 7mer window in isolation, not the entire protein. The peptide 
which scores highly may in fact bind to calmodulin in an in vitro assay. Even this is 
not an indication of physiological significance, since the protein as a whole may not 
bind. The binding strength of a camodulin binding domain can be made both 
greater (in adenylate cyclase, Munier et a!, 1993) and less (in a Ca" channel, 
Enyedi, et a!, 1989 ) by the presence of the rest of the protein. 
It is quite likely that a high score on the profiles will indicate a peptide which will 
bind to calmodulin. This presents the idea that many proteins have possible 
calmodulin binding sites, and it is not the presence of such a site which determines 
whether a protein is calmodulin binding, but whether such a site is presented in 
such a fashion as to be available for calmodulin binding. 
The same observation raises the possibility that in fact many proteins are 
calmodulin binding, and thus there are many available sites for calmodulin to bind 
within the cell. The importance of a strong calmodulin binding site then becomes 
paramount, as the collection of potential calmodulin binding sites are competing 
for a limited stock of calmodulin. The localisation of calmodulin, and the 
concentration of calmodulin binding response proteins of physiological 
significance, also become important regulatory issues. 
At present, the profile does not appear to allow a comprehensive search for 
calmodulin binding proteins across the databases, but two important experiments 
may be performed. Firstly, it will be possible to test the accuracy of the calmodulin 
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binding model by scoring short peptides (an EST database would be ideal) and 
isolating the peptides which score highly. The in vitro calmodulin binding strength 
may then be determined. Attempts to set up an assay of calmodulin binding using 
PAGE bandshifting were unsuccessful due to the unrepeatable nature of the 
bandshift, and the unpredictability of the behaviour of highly hydrophobic peptides 
in the gel system. A more accurate system would be the 'Melex' system used by 
Cox eta!, 1985. 
The second experiment would involve encoding the double profile 2.20 into a 
usable search engine, and a search conducted with a very high cut off score. Any 
peptides reported under such a system would be highly likely to show calmodulin 
binding activity in vitro and may show such activity in the whole protein. Thus 
whilst the algorithm created by these profiles is not yet capable of a comprehensive 
search, it should be capable of a limited search. 
5.3.3 Prediction of calmodulin binding strength. 
The prediction of calmodulin binding strength provides a quantitative assessment 
of the completeness of the model. If the profile score and the binding strength 
correlate perfectly, then the model perfectly describes what is happening 
physiologically. 
There are number of sources of error in the binding strengths, however; 
1. 	The model is intending only to describe Type la binding domains, thus all 
Type Th domains must be excluded from the dataset. This is not as yet 
possible, and it may be that a continuum exists (i.e. that the distinction 
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between Type la and lb is entirely artificial) so that the lack of ability of the 
profile to score the full range of calmodulin binding proteins is not due to a 
sub-division of types, but a basic weakness in the profile's application. Until 
such a wide ranging profile is possible, the presence of Type lb domains in 
the dataset is a source of variance. 
Binding strengths are reported for both peptides and proteins, yet as has been 
noted, there is no guarantee that these are the same. The profile predicts the 
binding strength of the peptides only, and thus the presence of two different 
types of data is a source of variance unrelated to score. As yet, there are not 
enough peptides to create an entirely peptide based dataset of significant 
size. The way is open, however, for a systematic study of peptides in vitro, 
which would provide data allowing a further development of these profiles. 
There are recognised inaccuracies in the various techniques used to assess 
binding strength. Many depend on the displacement of another peptide of 
known binding strength, and are thus only as accurate as the measurement of 
that peptide. The variation due to different techniques may be as great as 
threefold (Enyedi et a!, 1989). 
At present, it is possible to say the model partially describes its intended subset of 
calmodulin binding peptides. The observation (from the score vs. KD scatterplot) 
that false negatives are observed, but not false positives, implies that a high scoring 
peptide will bind to calmodulin whilst a low scoring peptide may not. This has 
serious implications for the number of potentially physiologically active calmodulin 
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binding proteins. It is only possible using the results here to discuss the weaker 
calmodulin binding proteins since the software used could not calculate the 
probability of the stronger proteins. 
There are however a large number of weak calmodulin binding sequences to be 
expected, and a significant number of sequences whose KD values would fall into 
the range of physiological values. Whilst the prediction of probabilities based on 
profile 2.20 is unreliable, if that physiological range is taken to be up to 500nM, 
there are approximately 2600 proteins to be expected. At the more stringent 
1 OOnM, very few are to be expected (23 proteins). This implies that the existence 
of several strong Type la calmodulin binding proteins is significant. 
On the other hand, it does suggest the existence of large numbers of weaker 
calmodulin binding proteins whose existence must be taken into account in the 
discussion of calmodulin binding proteins. It is also noteworthy that a number of 
calmodulin binding proteins bind calmodulin with a significant strength even in the 
absence of Ca2 . This is possibly a required ability in an environment where the 
protein is competing for limited calmodulin. 
In searches for calmodulin binding proteins, many proteins are found, and only the 
stronger binders are analysed for physiological effect. Even then, some interactions 
(e.g. DeGrado, et a!, 1987) which can be characterised in vitro, have not been 
shown to have a physiological role. Weaker proteins are generally ignored as 
background noise in the search, and their possible effect en masse not considered. 
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5.3.4 Future developments 
Future development from which this work might benefit should investigations of 
the following areas. 
Improvements based on the examination of individual false results. For 
example, the NO synthase used as an example protein returns a false positive 
due to a high hydrophobic matrix score. Some factor increasing the 
significance of the charge matrix may increase the accuracy of the profile, 
alternatively, peptides scoring exceptionally highly in only one matrix could 
be penalised. 
An ability to score both la and lb binding classes; the two profiles being 
either combined in a logical OR fashion (added arithmetically), or the score 
returned on the basis of the best fit. 
A change in the charge scoring mechanism to allow the presence of negative 
charge, and to score the correct total absolute degree of charge and total 
charge vector (i.e. 3 negative and 4 positive charges have 7 units of absolute 
charge, and a +1 charge vector), as both observations may be important. 
A conditional mechanism, to allow the scoring of amino acids under certain 
conditions. In speech this would be expressed as 'If there is charge at the N-
terminus, reduce the score of charges at the C-terminus, but if there is no 
charge at the N-terminus, score any charges at the C-terminus highly.' In 
logical terms is may be expressed as follows: 
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((AORB) AND C)OR(A' ORB')ANDC') 
where A, B, A' and B' are scores, and C and C' are conditions upon which 
set of score are selected. 
More in depth investigation, backed up by in vitro observations, of the effect 
of individual amino acids. 
The use of recent advances in structural prediction to allow the rejection of 
sections of a sequence unlikely to be free to form a helix. Exposed a-helices 
and disordered chain are the most likely sites for a Type I binding domain. 
Enclosed sections of sequence are unlikely binding sites. 
5.3.5 Conclusion 
This investigation has shown that the current model of calmodulin binding 
quantitatively describes the activity of calmodulin binding peptides to a significant 
degree, and raises issues concerning large numbers of weak calmodulin binding 
proteins and the discrimination of discrete classes of calmodulin binding 
interaction. 
The novel application of split, or double profiles, allows the use of more complex 
logical conditions during rapid, computationally simple searches of databases and 
provides a means to use wide ranging and limited knowledge of an interaction to 
return a clean and noise free indication of sites of interest. 
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6. SCREENING FOR CALMODULIN BINDING PROTEINS IN PLANTS 
BY ACTIVITY TRANS-VIVO 
6.1 The Yeast Dihybnd System 
Although a recently developed technique (Fields & Song, 1989) the yeast 
dihybrid system is rapidly increasing in popularity. Developed during the early 
1990s (Chien et al, 1991), it is now offered commercially as a start up kit with 
the appropriate strains and plasmids. 
The assay system is based on the fact that like many eukaryotic transcriptional 
activators, the GAL4 activator protein consists of two physically discrete 
domains. One domain functions as a DNA-binding domain which localises the 
activator complex on the GALl upstream activator site (UAS). The other acts 
as a transcriptional activation domain, interacting with other components of the 
transcription machinery which are required to initiate transcription. 
The dihybrid assay (Figure 6:1) involves a strain of S. cerevisiae (HF7c, Y190) 
in which the GAL4 activator has been inactivated by mutation, and in which 
also, three mutations (trpl-901, leu2-3, and his3-200) provide auxotrophic 
markers. Finally, the GALl activation site and TATA box are fused to the HTS3 
gene and introduced to the strain. The introduced H153 allows growth of the 
his3-200 mutants on media lacking histidine. 
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Dihybrid screen for protein-protein interactions 
00 	D _ 
N'l BD-Ca 	
______ iruinuler 	 I-iIS-3 
pGBT9 encoding the DNA 
binding domain of the 	 Inserted HIS-3 gene with 
activator (Ga14, red) and 
calmodulin (green). 
AD-Iibraty 
pACT library encoding the 
activator domain of the Gal4 
activator and a library insert 
(pale blue). 
promoter (Gall) site 
Figure 6:1 	The Dihybrid system summarised. The wild type Gal-I activator 
protein is a two-domain protein capable of activating both the Gal-I and Gall 
promoters. In the strains of yeast used in the dihybrid screen, the Gal-I activator 
gene is deleted, and Ga14 activity is supplied by the fusion protein products of the 
two introduced plasmids. If the test domains of the two fusion proteins interact with 
each other, then the functional domains of the Gal4 activator are brought into close 
proximity and will activate the Gall promoter domain which has been inserted with 
HIS-3 as a reporter gene. The strains used are his-3 mutants, and survival in media 
lacking histidine is indicative of an interaction between the test proteins. 
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Two plasmids (Figure 6:2) are then used to examine protein interactions. One 
(e.g. pGBT9, Stratagene) is the bait plasmid, which carries the DNA binding 
domain of the GAL4 activator protein, in a yeast expression vector, under the 
control of the ADH1 promoter. A downstream multiple cloning site enables the 
introduction of a gene or sequence of interest. The plasmid carries all the 
required components to survive in both yeast and E. coli, with amp' for 
ampicillin selection in bacteria and TRP1 for tryptophan selection in yeast. 
The other plasmid (e.g. pACT, Durfee, et a!, 1993) is used as the target 
plasmid. This carries the GAL4 activation domain under the control of the 
ADH1 promoter and again, a multiple. cloning site allows the introduction of 
sequences of interest. The vector, like pGBT9, is a shuttle vector capable of 
surviving in both yeast and E. coli. and carries amp' for bacterial selection, and 
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Figure 6:2 pGBT9, the plasmid on which the bait plasmid is based, and pACT, 




Thus, there is evidence that conditions in the yeast nucleus will indeed support 
the use of calmodulin as a bait for the dihybrid screen. 
6.2 Execution of the screen 
The Matchmaker H dihybrid kit (#PT1265-1) was purchased from Clontech. 
The plasniid pGBT-9 was used to make the bait plasmids pY-Cam 4 and pY-
Cam 17. pM5 11 was used as a source of the Melon calmodulin gene (kindly 
donated by Ian Oliver). 
6.2.1 Creation of the bait plasmid. 
The pYCaM-4 (Figure 6.3) and pYCaM- 17 plasmids are identical and consist 
of the Melon calmodulin structural coding region inserted in frame and 
downstream of the binding domain of the GAL4 activator. It has been noted 
that calmodulin is tolerant of N-terminal additions and the protein thus 
produced has the calmodulin as the C-terminal section of a fusion protein. These 
plasmids are the bait plasmids for the screen, and carry the amp 1 marker, the 
TRP-1 marker, the Cot El on for bacterial propagation, the 2micron on for 
stability in yeast and ADH1 promoters and terminators for the expressed 
protein. 
The insert from pM5 11 was prepared from a PCR fragment using the M13 
Reverse primer and PCR-3 primer. PCR-3 is complimentary to the 5' end of the 
calmodulin gene and vector of pM5 11 (pBluescript was used as the vector), and 
includes a mutation to insert an upstream BamI-Il site. The fragment was then 
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cut using BamHI and Smal, to yield an excision product with a targeted BamHI 
site at one end and a blunt end at the other. 
The vector was prepared from pGBT-9 by cutting pGBT-9 with PstI and 
blunting the resulting ends with Pfu polymerase. The linearised, blunted plasmid 
was then cut with BamHI to give an insert site with one BamHI sticky end and 
one blunt end. The two fragments were then ligated and transformed into XL-1 
Blue E.coli. 24 resulting colonies which grew on ampicillin were isolated and 
plasmid DNA prepared by miniprep. The two colonies producing the highest 
yield (numbers 4 & 17) were stored as stabs and their plasmid DNA (pYCaM-4 
and pYCaM-17) used for further work. 
Pr(ADH1) 
2 micron or 	 GAL4BD 
RI 
yCAM-4 	 Calmodulin 
6400 bp 




Col El on 	- 
Figure 6:3 	The bait plasmid used in this screen, pYCaM-4. Based on the map of 
pGBT-9 given in the Clontech Dihybrid manual, #PT1265-1. 
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6.2.2 Testing of the bait plasmid 
The bait plasmid (pYCaM-4) was sequenced by dideoxynucleotide sequencing 
and the correct insertion of the calmodulin gene was confirmed. The plasmid 
was transformed into Y190 yeast cells, and selected on media lacking leucine. 
lOOmi of stationary phase yeast was used to look for calmodulin gene 
expression by purification on a W-7 agarose column, but nothing could be 
detected. This is not unusual in the dihybrid system, where only very low levels 
of expression are typically observed (Clontech technical support, 1997, pers. 
comm.). 
The bait was tested for autoactivation of the HIS3 gene by selection on media 
lacking histidine. No growth was observed, indicating that by itself, the 
calmodulin/binding domain bait does not activate HLS3 transcription. 
6.2.3 Acquisition of the libraries 
Two yeast dihybrid libraries were acquired from the Ohio State University's 
Arabidopsis Biological Research Centre. Library CD4-10 was made from 
random primed niIRNA isolated from mature Arabidopsis leaves and roots 
(ABRC, 1995). 
Shortly after the first round of screening of C134-10, it was reported that the 
library contained a highly over represented autoactivating clone (Ware, pers. 
comm.). This target plasmid was capable of restoring histidine auxotrophy in the 
absence of the bait plasmid. Ten clones had been isolated, but it proved 
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impossible to produce the tryptophan drop-outs required to examine 
autoactivation by the target gene'. It also proved impossible to isolate plasmid 
DNA from the yeast colonies. The sequence for a PCR primer specific to the 
autoactivating clone (CFH-1) was received from the Arabidopsis Biological 
Research Centre at Ohio State University and PCR was performed directly on 
the colonies. A number of bands were observed, all of the same pattern. It was 
concluded that the clone present was likely to be the autoactivating target, and 
CD4-22 was ordered as a replacement library. CD4-22 is a library in the pACT 
vector, (created from A'-YES (Elledge et al, 1991), by the method of Durfee et 
al., 1993), from 3 days-old etiolated Arabidopsis seedlings (Kim et al, 1996). 
6.2.4 Screening of the library 
Y190 yeast cells carrying the pYCaM-4 plasmid were transformed with the 
amplified CD4-22 library. A total of 180,000 colonies were screened. 
The plates were grown for one week, and two waves of colony growth were 
observed. The first colonies appeared after approximately 2 days. A later wave 
of colonies appeared after 5 days or more, and were far more numerous. 
Histidine selection is known to be leaky, and 3-AT is often used to make the 
selection more stringent (Bartel et a!, 1993b). 10mM 3-AT was used in this 
screen, and provided a good separation, as described, between the two waves of 
colony appearance.' 
'Tryptophan drop outs are colonies from which the TRP-1 gene has been lost due to lack of 
selection. When replica plated on media lacking Tip, these colonies 'drop out'. The correspnding 
colony on non-selective media is thus known to have lost the bait plasmid. 
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The 12 early growing colonies were picked. 3 showed morphological and 
colour variation and were discarded. The remaining 9 were propagated on fully 
selective media. 
6.3 Analysis of colonies 
The colonies were transferred to rich, non-selective media and grown for two 
days. They were then streaked onto rich, non-selective plates and individual 
colonies picked and spotted onto numbered locations on two plates; one 
selecting for TRP1 and LEU2 activity (i.e. the presence of both plasmids) and 
the other selecting for LEU2 activity only (i.e. the presence of the target 
plasmid). Colonies which grew on the plates selecting only for LEU2 but not on 
the plates selecting for both plasmid markers had lost the pYCAM bait and were 
then streaked onto plates lacking leucine and histidine. 
No growth was observed at this stage, indicating that none of the 9 target 
plasmids present were capable of activating HIS3 transcription in the absence 
of the bait. The growth of the yeast on triply selecting media must therefore be 
due to an interaction of the target hybrid protein with the bait hybrid protein. 
6.3.1 In vivo assay of interaction strength. 
It is suggested that the strength of growth of the yeast colonies under the three 
way selection used for this screen is an indication of the binding strength. The 
effective concentration of the GAL4 activator is assumed to be directly related 
to the KD of the two proteins under examination, and thus, the level of 
175 
expression of the 1-HS3 gene product is likely to be related to that KD value. A 
variant of this histidine based system uses the quantification of LacZ expression 
as a reporter of interaction strength. 
By increasing the background of 3-AT used in the selection, it is proposed that 
some degree of measurement of the relative binding strength of the interaction 
can be achieved. Stronger binding proteins will cause colonies to grow at higher 
concentrations of 3-AT. 
Duplicates of a series of plates were prepared (Figure 6:4), with progressively 
higher concentrations of 3-AT. The plates were divided into segments and each 
of eight of the colonies were streaked onto the plates. To reduce variability due 
to experimental procedure, one set of plates were streaked from low 
concentration to high, and one set from high to low. 
The results show differential survival of colonies, and if the suggested 
relationship between binding strength and 3-AT survival is real, they suggest 
that pYlO encodes a calmodulin binding protein significantly stronger than the 
other clones. 
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Figure 6:4 	Differential survival of isolated dihybrid colonies on progressively 
higher concentrations of 3-A T Eight clones are streaked onto each plate, clockwise 
from top, VI, Y2, Y3, Y5, Y6, Y7, Y9, YlO. Each vertical pair of p/ales is at a different 3-
AT concentration, which are, from left to right (top two rows) 10mM, 20m!vI, 30mM, 
40mM, (bottom two rows) 50mM, 100mM, 200mM. 
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6.3.2 Extraction of DNA from yeast 
A number of methods were attempted to extract DNA from yeast into bacteria. 
All depend on the inability of yeast DNA to propogate in bacteria. A total DNA 
preparation is used to transform high efficiency competent bacteria, and any 
shuttle vector present is capable of being propagated in E. co/i. 
Shuttle vector DNA was extracted using the Liticase method (after Beggs pers. 
comm.). Epicurean XL-1 Blue Electro-competent cells from Stratagene 
(#200228) were used to rescue the plasmids of 5 of the 9 colonies. The 
plasmids were designated pYl, pY5, pY6, pY7 and pYlO. The plasmids were 
digested with Bglll, which excises the multiple cloning site, to assess the insert 
sizes. 
6.3.3 Sequencing of clones 
The clones were initially sequenced using the reverse primer for the related 
plasmid pACT-TI, by automatic sequencing. Four sequences recovered matches 
from the EMBL database. The sequences of the clones and their database 
relatives were analysed using the GCG9 package of sequence analysis programs 
and the Profile 2.20 algorithm for calmodulin binding domain identification 
discussed in chapter 5. The cut off score for calmodulin binding activity under 
Profile 2.20 is in the region of 3000. 
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6.3.3.1 pYl sequencing and analysis 
pYl contained a 1.8kb insert which showed a 60% identity with the Sipi seed 
imbibition protein gene of Hordeum vulgare and the Brassica oleracea putative 
imbibition protein gene. 
When pYl was translated and compared to Sip  and BOIP (Brassica oleracea 
Imbibition Protein) the correct reading frame was clear, and a putative 
calmodulin binding site was sought. The results of the screen are shown in 
Figure 6:5. The profile was also used to examine Sip  and BOIP. These results 
are shown in Figure 6:6 & Figure 6:7. The alignment of the peptide sequences 
for the proteins is given in Figure 6:8. It is proposed that the gene and protein 
of which Yl is a fragment be named ASIP-1, the (putative) Arabidopsis Seed 
Imbibition Protein - 1, on the basis of its homology to Sip  and BOIP. 
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1 	26 	51 	76 	101 	126 	151 	176 	201 	226 	251 276 	301 
Figure 6:5 	Profile 2.20 scores for possible calmodulin binding sites for they] 
clone. Stop codons occur at positions 42, 276, 284 & 293. 
The presence of several stop codons in confirmed sequence at the C-terminus of 
the peptide suggests that the peaks observed there are artifactual. It has been 
noted that the profiles score 3' UTR quite highly. However the score at position 
220 of 2280 may be a binding site. If it is assumed that as a result of selection in 
the dihybrid screen this protein does bind calmodulin, then the 2280 site is the 
most likely sequence involved (in that binding), despite not meeting the arbitrary 
3000 cut off. 
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Figure 6:6 	Profile 2.20 scores for the Sip] imbibition protein. 
Sipi differs from pYl in that there is a clear peak which crosses the putative 
threshold for calmodulin binding prediction (set at 3000). This peak occurs at 
position 654 and scores 3630. This region of sequence is 
RFTLPRGATLPVTLKRL. 
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BOIP: Profile 2.20 forward scores 
uu 
2000 	 - 
1500 
500 
ilk OU I . . 1k 	,i 1iL Li i 
1 	51 	101 	151 	201 	251 	301 	351 	401 	451 	501 	551 	601 	651 	701 	751 
BOIP: Profile 2.20 reverse scores 
2500 	 - 
2000 
1500 	 - 
1000 
k,ALi g1ALiJiL i IL 
1 	51 	101, 	151 	201 	251 	301 	351 	401 	451 	501 	551 	601 	651 	701 	751 
Figure 6:7 	Profile 2.20 score..sfor BOIP. 
Notably, BOIP also has a significant peak in the region of 650. This sequence 
(VRLPKGASIPFTLTLKV) is homologous to the region scored in Sipi, but 
only scores 2380. This score is unlikely to represent a physiologically significant 
calmodulin binding domain (by the 3000 criteria). The region outlined by the 
profile as a putative éalrnodulin binding domain is in fact quite variable between 





PGN FTHNFDLLR. sip1 GEFMQPDWDM FHSLHPAAEY HGAPRAIGGC PIYVSDK  
boip GEFMQPDWDM FHSLHPTAEY HAAPRAVGGC PIYVSDKPGN . . HNFDLLRE' 
yl 	 SL TGICSIPCTL LQSIMPLLGP SVVGLSMSVI LLESTTLSF* 
551 	
600 
sipi - KLVLPDGSV LRAQLPGRPT RDCLFSDPAR DGASLLKIWN MNKCAGVVGV 
boip TKLVLPDGSV LRARLPGRPT RDCLFADPAR DGTSLLKIWN MNKFTGIVGV 
Yl 	ESLYCLMDRF FVLDSPGRPT RDCLFADPAR DGVSLVKIWN MNKYTGVLGV 
601 	
650 
sipl FNCFTQGAGW CRy. .AKKTR IHDEAPGTLT GSVRAEDVEA IIkQAA.GTGD 
boip FNC. .QGAGW CKFTDTKKNR IHDTSPGTLT GLVRAEDADL ISEVA.GQ .D 
Yl 	YNC. .QGAAW S. . STERKNI FHQTRTDTLT GSIRGRDVHS ISEASTDPTT 
651 	
700 
s ipi WGGEAVVYAH RAaELVRFrL PRGPTLP. . V TLILEYELF 
HVCPVRAVAP 
boip WGGDSIVYAY KSGELVR. - L PXGASIPFTL TLKVLBYELF 
HISPLKEITA 




sipl GVSFAPIGLL HMFNAGGAVE ECTVET .... .......... .. GEDGFTNA 
boip SISFAPIGLL DNFNSSGAIQ SMEINTVTDE KPELSSSSFT VVSENRSPTA 




sipl VVGLRVRGCG RFGAYCSRRP AKCSVDSADV EFTYDSDTGL VTADVPVPEK 
boip LISLGVRGCG RFGAYSSQRP LRCAVDGTET EE'NYDAEVGL VTLNLPVTRF 
Yl 	.VVMEVKGCG KFGSYSSVKP 
KRCVVESNEI AFEYDSSSGL VTFELDKNPI 
801 	
850 
sipi EMYRCALFTE IRV 
boip TEEMFRWRVE ILV ------- 
Yl 	
ENKRFHLIQV EL*RVIHTIH *TKTVSKQF* IVFIICKPLV TIVATFNVIL 
851 
sipi 
boip 	 -  
Yl QFTLKK 
Figure 6:9 	Sequence alignment of Sip], BOIP and Vi, for the region for which 
yl has been sequenced. The possible calmodulin binding region, predicted by 
homology to Sip] and BOIP is highlighted in bold and underlined The region 
independently predicted for yl is italicised and underlined 
6.3.3.2 pY5 sequencing and analysis 
The available sequence for clone pY5 was an insert of around 750bp which 
gave a 71.6% identity over 233 base pairs with the Nicotiana tabacum 
calmodulin binding protein TCB60 (Dash et a!, 1996, GCnEMBL database, 
unpublished), and a 77.5% identity over 111 base pairs of the 
Zea mays 
calmodulin binding protein (Reddy et al, 1993). These proteins had already been 
examined using the calmodulin binding protein search profile 2.20 and returned 
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high scores in excess of 4000, showing clear identification of the calmodulin 
binding,domain. Clone Y5 scored 4150 for this region (Figure 6:10) 
The sequenced section of the Arabidopsis thaliana calmodulin binding protein 
(hereafter referred to as ATCBPY5) cloned as Y5, includes a section of high 
homology to these proteins which includes the calmodulin binding domain 
(Figure 6:9). Profile 2.20 was used to confirm that no conflicting potential 
calmodulin binding sites are present in the sequence available. 
Significantly, yeast containing pY5 survived to only 30mM 3-AT (Figure 6:4). 
Given the small insert size, and the homology with two much larger sequences 
(TCB60 is 534 amino acids, the Zea mays CBP is 265 amino acids), it would 
appear that this is a very small partial clone of ATCBPY5, and most of the 
























tcb 60 VRDPQ}(LRNI LGS4SNKMW DLIEHAKTC 
VLSGKLYVYY SDDSRNVGW 
Y5 
zmcbp ---------- ------------ ---------- ---------- ---------- 
251 	
300 
tcb6O FNNIYELNGL IAGEQYYSAD SLSDSQKVYV DSLVKKAYDN WNQVVEYDGK 
Y5 
zmcbp RNNIYAF'CGL ISGEQFYSSE SLDDSQKLFA DPLVKKAYDN WMYVIEYDGK 
301 	
350 
tcb60 SFLNIKQNQK AGSSRNELPV GPVDYPNNMV NQLPQSfLPV SVQSEQSSMD 
Y5 
zmcbp GLLNPKPKKK SASTGQVETH P,LRVGPLDYS NNTMSS ... M ACQGHHHQLE 
351 	
400 
tcb60 PNLLIGGSGY NDSIVM14PN QSQMMNSSSR SQFESTPFAP QQQITNTHQL 
Y5 
zmcbp LILQ1ASTK SQHIHLSCRV HPPMSRHHMM THFRSYHVPC RQGLQMMPWV 
401 	
450 
tcb60 QSTSYDNNVG LIVLGPPQSSS FQTMTSSLPQ TNLNPFEDWP HNRDKGVDEF 
Y5 
zmcbp WNWAVAASNF LKIRQFSQQT WDMVIGPGTV T ......... ..... VSILM 
451 	
500 
tcb60 LSEEEIRMRS HEILENDDMQ HLLFLFSMGG GHGSVNVSED GYGFPSF4PS 
Y5 	 YSSMGGGG NGSATHLPED GYTFPSFLHT 
zmcbp TSLKTFGLRA TSLLEGEDMQ QLLRVFSMGG ASGS. .LPDD TFNFQSYMPS 
550 
501  
tcb60 PSPTFGYDED P.SG1iW 	 F1VRAA 
ERRAQIVELD 
Y5 PMQ. . GYDED P..GRSGRAW GWKIIN 13ETIRPIcAA 
ERRAQIVELD 





Y5 DDDEDGECI KGRVQLDSVD PVDVCVL*SR RLLICLIDDN SFRQ*HS*EL 
zmcbp 
601 	 646 
tcb60 
Y5 IATTLDM*FN K*N4VLLP DDTRVTICKA FVPRNFNVMS PWLLFR 
zmcbp 
Figure 6:9 	Sequence alignment of the Zea mays calmodulin binding protein, 
TCB60, and the Y5 clone. The calmodulin binding domain identified by Profile 2.20 
is highlighted in bold and underlined 
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151 
Figure 6:10 Profile 2.20 scores for the available sequence ofATCBPY5. Stop 
codons are present at positions 83, 103, 120, 123, 133, 137. 
6.3.3.3 pY6 sequencing and analysis 
An initial database search carried out in 1996 using the initial sequence 
information on this 900bp clone revealed no significant homology between the 
section of sequence then available and the sequences in the GenEMBL database. 
A later search, carried out in 1997, revealed that the gene isolated in pY6 had 
been fully sequenced as jart of the Arabidopsis thaliana chromosomal segment 
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F7G19 (Osbourne et a!, GenEMBL database, unpublished, 1997). The cloned 
sequence is identical to the database sequence. The protein sequence derived 
from their analysis of the DNA sequence has been labelled as PID:g1922937 
(Figure 6.12). 
This gene, which it is suggested is referred to as ATCBPY6, of which Y6 is a 
partial clone, is reported to have some similarity to a mouse carbohydrate 
binding protein gene. The amino acid sequence reported in the database was 
analysed with Profile 2.20 to look for potential calmodulin binding sites. The 
results are given in Figure 6:11. 
There is a peak in both orientations at one location (117) which scores 2760 in 
the forward orientation. Whilst 2760 is a little below the threshold for explicit 
calmodulin binding proteins (which is arbitrarily set at 3000), it is well within 
the range for acceptable calmodulin binding activity. The paucity of high scores 
throughout the rest of the protein enhances the possibility that this is; 
The binding domain of this protein, 
A real binding domain of physiological significance. 
The sequence picked out is RLPNGKAKGSLKFSFKF and it scores 2320 in the 
reverse orientation. 
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Figure 6:11 Profile 2.20 scores for the reported protein sequence (PID:g192293 7) 
which matches clone pY6 
1 MECRSLDLTI ISAEDLKDVQ LIGKQDLYAV VSINGDARTK QKTKVDKDCG 
51 TKPKWKHQMK LTVDDAAARD NRLTLVE'EIV ADRPIAGDKP VGEVSVPVK3' 
101 LLDQNKGDEE KTVTYAVRI.P NGKAKGSL' SGEKYTY GSSSGPHAPV 
151 PSAMDHKTMD QPVTAYPPGH GAPSAYPAPP AGPSSGYPPQ GBDDKFIJJGVY 
201 GYPQQAGYPA GTGGYPPPGA YPQQGGYPGY PPQQQGGYPG YPPQGPYGYP 
251 QQGYPPQGPY GYPQQQAHGK PQKPKKHGKA GAGMGLGLGL GAGLLGGLLV 
- 301 GEAVSDIADM GDMGDMGDMG GFDF 
Figure 6:12 Peptide sequence of ATCBPY6 (PID:g1922937), from the GenEMBL 
database. Calmodulin binding domain as identified by profile 2.20 highlighted in 
bold and underlined The region which was sequenced as pY6 is shown in italics. 
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6.3.3.4 pY7 sequencing and analysis 
The sequence available for the 3kb insert pY7 gave a 57.9% identity across 242 
base pairs with the 5' untranslated region of the atsi gene for the small ribulose-
1,5-bisphosphate carboxylase (RUBISCO). The sequences did not match across 
the coding region. It is not clear from the sequence, which is the reading frame 
of pY7, nor that the coding sequence has been reached yet. 
6.3.3.5 pYJO sequencing and analysis 
The sequence fragment available for the 1.8kb insert in pYlO showed a 95% 
identity over a region of 380bp with an expressed sequence tag (EST, number 
G2D9T7, accession numbers on database n96081 and n96668, Figure 6.14) 
held at Ohio State University's Arabidopsis Biological Research Centre. The 
insert was subcloned into pBluescript, by cutting with Bglll and inserting into 
the compatible pBluescript BamHl site. Further sequencing was conducted 
using the M13 forward and reverse primers. 
Without the assistance of homology to a complete gene coding sequence, as 
was the case with yl, the open reading frame for ylO was elucidated by 
translating all the possible reading frames and selecting that with the fewest stop 
codons. The reading frame was analysed with profile 2.20 and a possible 
calmodulin binding site identified at position 51 (Figure 6.13). This sequence, 
RKLWKNSPKSTQDNRSF, scores 2750. This is below the threshold of 3000 
which appears to predict calmodulin binding activity, but within the range at 
which calmodulin binding proteins have scored. One possible reason for the low 
189 
score is the aspartate residue at position 13 of the window. Negative residues 
have been noted, however in other plant calmodulin binding proteins (e.g. 
GAD) and it is possible that tolerance of negative charges is a feature of plant 
calmodulin binding domains. It is also possible that a stronger calmodulin 
binding domain exists in the region of the clone as yet unsequenced. 
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Figure 6:13 	Profile 2.20 scores for clone ylO. Stop codons occur at positions 275, 
280, 288, 290, 293, 278. 
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I 	 - 	 50 
9608l 
n96669 caagtgtcaa cttttttcat tagtattacc aagtctaaig otcatatcat 
Yb 
51 	 100 
n96081 ------------- --ttcaa accaaatcct ccggtttttt ttgtttttct 
c96668 ttctagagt tctacttca.a accaatcct ccggtttttt ttgtttttct 
310 -------------------------------------TOT CTCGAIIATTT 
101 	 150 
n96081 qttttacctt ttattatgtt acaacactca aaatcaacac aacccaaaga 
n96668 gttttacctt ttattatgtt acaacactca aaatcaacac aacccaaaga 
310 P,OCTTP,TT TTATTATGTT ACAACACTCA AAPTCAA0AC P.9.A3A 
151 	 200 
n96081 anaatgttca aatcaaaaga aatcacacaa atctgttaaa ttcctttctc 
n96668 aaaatgttca aatcaaaga aatcacacaa atctgttaaa ttcctttctc 
310 AAAA?GTTC9 AATCAAAAI3A PATCP.CAOAA ATCTGTTAAA TTCTTTCTC 
201 	 250 
c96081 ccaactgttg ttgccatgga ggcagtggaa ccaatgctca aatttcctac 
n96668 ccaactgttg ttgccatgga ggcagtggaa ccaatgctca aatttcctac 
YlO CCAACTGTTG TTGcCPTGGA G0090TGG?.A cCAATGCTCA AATTTcCTP.0 
251 300 
n96081 tgatttaagt gtcttgtgct tctcaagaac cacacctcca ggtgaaccag 
n96668 tgatttagt gtcttgtgct tctcaagaac cacacctcca ggtgaaccag 
YIO TGATTTP.AOT GTCTTGTGCT TCTCAAGAAC CACAcCTcCA GGTGAACA0 
301 	 350 
n96081 gacctc.tgt ggctgctgct gttgctcatg accaatgacc ctttgttcca 
n96668 gncctcttgt ggctgctgct gttgntcatg accaatgacc ctttgtccca 
310 GAcCTC. TOT 3GCTGCTGCT GTTGCTcATG ATGA0C CTTTGTTccA 
351 	 400 
n96081 tctaaacgta tcttgccgtg gggggatacg gcattctnctcttctcggct 
n96668 tctaa.acgga tcttgc. gt ggggggtang gcattctcct cttcttggtg 
YlO TCTAAACGTA TCTTGC.GTG 00000ATAOG P.O9TTCTCCT CTTCTC.GCT 
401 	 450 
n96091 gactggtgta cccatcaact ctctcctttt ggattgctgt tttggcctaa 
c96668 actgggtgua cccatcaatn tcttc. ttt ggntttcttg ttttggctaa 
310 GACTGGTGTA cCCATCA... CTCTCTCCTT YGGATTGCTG TTTGGTCTAA 
451 	 500 
n96081 ctttttcgct tttggaagag actttttggg gccattgtag utagggaatt 
c96668 cttttgc... ttnggacng nctttttggg gccatttcgg ttagggattg 
YlO CTTTT0C... TTTGGC0.GP3 P,CTGTT. .00 P13CCP.TG3913 CTA0009ATG 
501 	 550 
c96081 ggaggggaag cttnttgagg gtatnaatca acccttgaaa ggcgcttttt 
n96668 gggggantt ntagg3gcta acanccttna agggggcutt cncccttac- 
310 GAOGGC900T TGTGAGGCTA TCATCOTCCT TGAAA0004IA ATCTTG6CCT 
551 	 600 
n96081 acccrcttag gct tcccctt gaggaanttc atgccccgcc tgcntgggct 
c96668 
310 CTTAGTCTTC CTCTTGAGTA TCTTGATGTC CCTGTGTGGA TGGGTCTGGA 
601 	 650 
n96081 tgggggggtt naaagcggcc trmcggctgg gggttaaggc aaacggttca 
n96668 
YlO 000AGTGTGA PAAGTGGATC TTGACGAPCT GGGTGTTGAA GTGTC?.AAGT 
651 	 700 
n96081 acccttt................................. ----- ..... 
c96668 




310 GGGCACAGTC TT0PTGGTGT TAGCCTGAAA TCTCTTTGTG GYTOOCTATA 
751 	 600 
n96081 
n96668 




310 ATTGAGGGAA AGAA006.TTG TCCTGAGTAII ACTTAGGACT GTTCTTCCAC 
811 	 900 
n9608b 
n96668 




YlO GTCAOTCTTT CTTTGTGATC TTGAAT000T TTOCTCTTTT GTC.913C.6C.P.0 
951 	 1000 
c96091 
c96668 
310 TGTCATCCCA ATTATCATTA cCAGCTTCAO AOGCAI3000A TTT000TTCO. 
Figure 6:14 Alignment of Yb 0 with the EST sequences. 
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6.3.4 In Vitro assays of clones 
Standard yeast dihybrid techniques employ a range of control constructs to 
assess the veracity of the interaction causing the histidine rescue. These involve 
controls using empty bait and target plasmids, and the use of a second selection 
method (Bartel et al, 1993b). Acting on advice (van Nues, pers. comm.) that 
these methods were unreliable and gave conflicting results, and since calmodulin 
interaction has a number of simple in-vitro assays, it was decided to proceed to 
the bacteriological expression of a sub set of the clones recovered, for 
purification on either calmodulin-agarose or Ni 2 columns. Efforts to express a 
putative calmodulin binding protein were concentrated on YlO, because it was 
both a novel sequence and the strongest survivor in the in-vivo binding assay. 





Figure 6:15 The expression vector for in vitro analysis of the YJO clone; pYJ02E 
pYlO was cut with BamHl and ligated into the Ba,nHl site of pRSE TB. The 
correct insertion was confirmed by sequencing. The insert was introduced in 
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such a way that the reading frame of the yeast fusion protein was retained and a 
short section of vector remained, which was used to confirm the reading frame 
by automated sequencing (Figure 6:15). 
6.3.4.2 Expression of cloned proteins 
Expression was induced using IPTG. A wide range of induction conditions were 
used. IPTG concentrations from 2mM to 10mM were used, induction times 
from 30min to 24h, temperatures of 30°C and 37°C, and solutions containing 
EDTA and PMSF were used at various stages. 
The products of the expression were assayed by PAGE analysis, but no induced 
bands could be observed. The supernatant lysates were added to both 
calmodulin-agarose and Ni 2tagarose for purification by calmodulin binding 
activity and the presence of the poly-His tag produced by the pRSET vectors, 
respectively. The elution from the columns was also analysed by PAGE. Silver 
staining revealed that no expression proteins were being induced. The gels were 
electroblotted onto nitrocellulose and the membranes probed with Ni 2 -
conjugated HRP. No bands were observed. 
A growth curve before and after induction (Figure 6:16) indicated a clear 
metabolic load on the cells. This meant that their growth was inhibited by some 
induction dependent activity. pCAMEX (see chapter 3) was also grown to 
assess its growth curve under induction conditions. This indicates the extent of 
the metabolic load due to the T7 expression system and the small calmodulin 
protein. pY102E showed a greater repression of growth upon induction, 
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suggesting that the presence of the pY 1 02E plasmid caused a higher metabolic 
load. This is understandable in the light of the 1.8kb insert in pY102E which 
would be expected to produce a protein up to 600 amino acids long (about four 
times as large as calmodulin). It is therefore suggested that the protein is 
expressed in E.coli but is highly unstable, and thus cannot be purified from this 
in-vivo expression system. 
pCAMEX 
	 pY1O2E 
induction growth curve 
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Figure 6:16 Induction growth 
curves of pY102E2 and 
pCAMEX. Induction occurred 
at time zero. 10011 samples 
were taken at intervals 
thereafter and the 01)600 







The yeast dihybrid system is a recently developed and potentially very powerful 
technique for investigating protein-protein interactions in vivo. Given the 
sensitive nature of protein-protein interactions in general and of calmodulin 
interactions in particular, this technique would perhaps be better referred to as 
trans-vivo: 'In a living organism different from that in which the genes and 
proteins under investigation originated'. 
Other workers in the field have reported that calmodulin was not a suitable bait 
for this screen (Chua, N-H, pers. comm.). They observed a very high 
background of 'false positives' and discussed the probability that binding was 
occurring due to calmodulin's essentially acidic nature. In their studies 60mM 3-
AT was used. It is recommended (Clontech, #PT1265-1) that only 10-20mM be 
used to improve stringency. This study (see 62.4) also indicates a very high rate 
of positives (1:15,000 clones). However, there is a real difference in growth 
between the early growing positives and the background which begins to grow 
through after about 7 to 8 days. It is also suggested that a large number of 
calniodulin binding proteins would be present in any genome. 
Indeed, this in vivo or trans vivo technique is expected to be a more accurate 
reflection of the situation which exists under physiological conditions than the 
cruder and more artificial overlay techniques. If so, then the observation that 
many proteins appear to interact with calmodulin is not one which should be 
explained away because it does not fit with current dogma. 
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Other workers (Geiser et a!, 1993) have used the dihybrid system as an in vivo 
assay of the interaction between yeast calmodulin and the 11 OkDa spindle pole 
body protein, Spcl lOp. Although apparently successful, it was found that 
mutant calmodulins, which were reduced in their ability to bind Ca 2 , did not 
interact with Spcl lop  in vitro; in the dihybrid system they bound and produced 
near normal levels of LacZ expression. This is another observation that the yeast 
nuclear environment is more permitting of calmodulin binding activity than the 
in vitro environment, under the conditions of expression encountered in the 
dihybrid system. 
Rather than explaining this as a weakness of the system, this should be viewed 
as an experimental observation that calmodulin binding is far more common in 
vivo than in vitro overlay and column purification techniques would suggest. 
6.4.1 ASLP-1 and seed germination 
The Yl clone shows homology to the seed imbibition proteins of Hordeum 
vulgare and Brass/ca oleracea, and is proposed to be a fragment of the putative 
Arabidopsis Seed Imbibition Protein, ASIP- 1. These three proteins score quite 
differently on the calmodulin binding prediction profile. The region predicted 
scores highly for Sip 1, and in isolation, this score would suggest the Sipi is a 
calmodulin binding protein of biological significance. However, the same region 
in BOIP and ASIP-1 does not score highly enough to suggest significant binding 
strength. The quantitative prediction of the KD between each protein and 
calmodulin is, however <mM for Sipi, and in the region of 5-10nM for BO1P 
and ASIP-1. 
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6.4.2 ATCBPY5, TCB60 and a Zea mays CBP 
ATCBPY5 shows strong conservation with the calmodulin binding domains of 
two previously identified calmodulin binding proteins, TCB60 from Nicotiana 
tabacum (Lu & Harrington, 1993) and one of a pair of proteins from Zea mays 
(Reddy eta!, 1993) identified by calmodulin overlay techniques. 
The calmodulin binding domain of these proteins was predicted using profile 
2.20 and this confirmed the experimental findings of Dash et a! 1997, that the 
binding site centres on a tryptophan residue at the C-terminus of the protein. 
The calmodulin binding domain is conserved between all three proteins. 
The activity of TCB60 and the Zea mays CBP has not been elucidated. 
6.4.3 ATCBPY6 and the murine carbohydrate binding protein 35 
The sequence available for clone pY6 gave a near perfect match (>99%) for a 
gene sequenced as part of an Arabidopsis genome sequencing project. This 
gene is here labelled ATCBPY6. A potential calmodulin binding site has been 
identified at position 117. 
The gene is reported in the data base to show similarity to a murine 
carbohydrate binding protein, CBP35 (Shizhe & Wang, 1988). The basis for this 
similarity appears to be the presence of glycine, proline and tyrosine rich repeats 
in approximately half of each protein. In CBP3 5 these repeats exist in the amino 
terminal half, and in ATCBPY6, in the carboxy-terminal half. 
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This GYP-rich region shows between 40 and 50% identity with annexin VII 
(synexin). This protein has two domains, an N-terminal domain similar to the C-
terminal region of ATCBPY6 in that it has many GYP rich repeats, and a C-
terminal domain which consists of four repeats of a 5-helix amphiphilic domain 
purported to be a transmembrane domain (Doting et a!, 1991). Annexins are 
Ca2 binding and synexin is suggested to play a role in membrane fusion. The N-
terminal domain has been proposed to play a role in self-aggregation of annexins 
and is tissue specific in mammals (Zhang - Keck et al, 1993). 
The C-tenninal domain of ATCBPY6 shows no homology to the annexins, and 
thus ATCBPY6 presents itself as a calmodulin binding protein with homology 
to both the N-terminal domain of synexin, and the N-terminal domain of the 
murine CBP35. 
6.4.4 ATCBPY1O 
The other sequence examined here, YlO, shows homology to the published 
sequence of the ABRC Stock Centre's EST G2D9T7. It is suspected to be a 
relatively strong calmodulin binding protein and a possible binding site has been 
identified. 
This sequence was removed from yeast with the intention of proceeding with in-
vitro assays of calmodulin binding, but tractable amounts of protein could not 
be produced. Purification on both calmodulin and Ni2 based columns was not 
possible. Despite a metabolic load being placed upon induced expression hosts, 
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useful protein expression was not possible, and calmodulin binding remains 
untested in vitro. 
6.5 Conclusions 
The screen for calmodulin binding proteins was successful. 
1. 	ASIP- 1, named by homology with the Hordeum 
vulgare Seed Imbibition Protein - 	 1 and the 
Brassica oleracea (putative) Imbibition Protein. 
ATCBPY5, fragmentary clone, homology to the 
binding domains of TCB60 and a Zea mays 
calmodulin binding protein. 
ATCBPY6, previously fully sequenced as a gene in 
177G19, with similarities to a murine carbohydrate 
binding protein and annexins. 
ATCBPY7, a large clone about which little is as yet 
known. 
ATCBPY1O, appears to be a powerful calmodulin 
binding protein. The partial sequence generated has 
been confirmed by match with an EST. 
Differential survival on increasing concentrations of 3-AT was demonstrated 
and this is proposed as a rapid assay of binding interaction strength. Problems 
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with interpretation include; protein expression level, protein stability, nuclear 
targeting, and differences between protein responses to the idiosyncrasies of 
the yeast nuclear microenvironment. 
The level of 3-AT selection at which the previously verified calmodulin binding 
proteins survived was approximately 20mM, at the upper range of the 
recommended selection, and considerably below the level used by other workers 
to reduce the number of positives to a level that matched their expectations of 
the number of calmodulin binding proteins. This is presented as evidence that if, 
as is expected, the yeast dihybrid system is a better representation of the in vivo 
cellular environment, there are many more proteins capable of interaction with 
calmodulin than hitherto thought. 
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7. DISCUSSION 
Two components of this work lead to the conclusion that calmodulin, far from 
being specific in its activity, in fact has a wide range of target proteins. Firstly, 
quantitative modelling of one type of interaction between calmodulin and 
calmodulin binding proteins predicts the presence of a continuum of binding 
strengths, shared by a large number of proteins. Secondly, a serecn carried out 
using the yeast dihybrid assay yields a notably high number of positive 
interactions. This assay is suggested to be a more accurate reflection of 
physiologically significant protein interactions than in vitro de,Bonstrations of 
binding. This discussion expands on the discussions from the two relevant 
chapters, and considers the consequences of the presence of a large number of 
calmodulin binding proteins in the cell. 
7.1 Modelling of the interaction. 
This work presents a numerical model of calmodulin binding domains which is 
computationally simple and based on an overview of experimental work across a 
number of species. The model has reasonable success in identifying calmodulin 
binding domains of known calmodulin binding proteins and has brought to light 
two observations which are expanded upon here. 
7.1.1 The distribution of scores 
Firstly, there appears to be a continuum of scores generated from the peptide 
sequences over which the algorithmic profiles have been passed. Were 
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calmodulin binding domains to be discrete and well selected patterns, a series of 
positive (high) scores which were quite distinct from a background of negative 
(low) scores would be expected. This is not the case. Since there does appear to 
be a correlation between profile score and binding strength, it may be inferred 
that the model predicts the presence of a wide range of calmodulin binding 
abilities in the protein population of a cell. Whilst cut-offs may be applied to the 
scores in an attempt to screen for 'calmodulin binding proteins', these are 
arbitrary. 
The observed distribution of scores over 25 proteins known to be calmodulin 
binding shows a lower number of high scoring peptides than are predicted based 
on Arabidopsis codon usage and random sequence (Figure 7-1). Although it is 
possible to generate a graph of predicted KD values based on these distributions, 
the confidence limits based on the data available (see Figure 5.36) would cause 
these predictions to be meaningless. It is possible however to use an arbitrary cut 
off to discuss the probability of calmodulin binding proteins. Referring to 
Chapter 5, an arbitrary cut off of 3000 was used to distinguish 'calmodulin 
binding' from 'non-binding' proteins. Given this the predicted distribution 
(Figure 7-1) would suggest that 1% of peptides (I'=0.009979) would score 3000 
or higher. The observed frequency among the 25 known calmodulin binding 
proteins used in this work was 0.07% (f0.000732). 
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Figure 7-1 The predicted and observed distribution of Profile 2.20 scores. The 
observed scores were of] 7mer windows from the 25 calmodulin binding proteins used 
as a dataset in Chapter 5. 
Whilst this frequency of score by peptide is very low, it is very high when 
proteins are considered. The 25 proteins used had an average of approximately 
700 peptides, and this is a reasonable number to expect as an average for most 
proteins. The rate at which proteins which score 3000 or greater will occur is 
calculated as follows; 
P 1 = the probability that a single peptide scores 3000 or greater 
P 0 = the probability that a single protein of X amino acids scores 3000 or 
greater = 1-((1-P 1,)(x-17) ) 
if Pmhi = 0.000732 and x=700, then P0.393554 
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So this low figure, when applied on the assumption that the score of each peptide 
is unrelated to the score of any other peptide, predicts that 39% of proteins will 
be 'calmodulin binding' with scores greater than 3000. 
It is clear that the peptides scores are not independent. Firstly, seventeen 
consecutive peptides will overlap and be related to each other. Taking 1 7mers 
one after another, without any overlap is equally artificial, but gives a lower 
bound on the expectation of calmodulin binding activity of 3% (f0.028991). If 
there are 1000 proteins expressed at any one time, 30 may be calmodulin 
binding. If there are 10 000 proteins available to a cell, then by our criterion of a 
score of 3000, 300 may be expected to bind calmodulin. 
Secondly, proteins with one high scoring peptide tend to have more in the same 
vicinity. Ideal calmodulin binding patterns arise in wider regions of sequence 
which show characters contributing to calmodulin binding. The effect of this 
clustering of scores will be to reduce the expectation of calmodulin binding 
proteins towards the lower end of the scale outlined above. 
Even with these conservative assumptions it is clear that the model predicts a 
high number of calmodulin binding proteins. The consequences of a wide 
population of proteins which can bind calmodulin with a wide range of affinities 
are explored later in this chapter. 
7.1.2 The roles of charge and hydrophobicity 
A second observation is that the majority of the correlation between binding 
strength and score is due not to the hydrophobic pattern of the calmodulin 
binding helix, but the pattern of charged residues, lysine and arginine. Using 
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Profile 2.20 and the full data set described in Chapter 5, the correlation between 
Ln KD and overall highest score for each protein is -0.53. However, the 
correlation between the highest hydrophobic score and Ln KD is only -0.28, 
whilst the correlation between the highest charge score and Ln KD is -0.57. 
Figure 7-2 shows the scatterplots of the highest hydrophobic and charge scores 
for each of the 25 sample proteins. 
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Figure 7-2 The influence of hydrophobicity (left) and charge ('right) on the 
relationship between score and KD 
The significance of this is unclear, but it suggests that at least strong binding 
calmodulin binding proteins require the charge component of the domain pattern. 
It may be that whilst a correct hydrophobic pattern provides the basis for 
calmodulin binding, the forces involved in binding due to hydrophibicity alone 
are not great. More energy is made available from charge interactions; and the 
strength of binding depends on the degree of fit between the charged domains of 
calmodulin and the binding domain. The charged domains of MLCK during 
binding are shown in Figure 5.17. 
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7.1.3 Protein structure prediction 
There remains one significant area in which the model can be improved. There is 
a basic assumption made that each peptide when examined is independent of the 
structure of the rest of the protein. Whilst this probably enables the profiles to 
predict the behaviour of a single, free peptide, to a considerable degree of 
accuracy, it must over estimate the number of calmodulin binding proteins. The 
type of structure which would give rise to a calmodulin binding site is a surface 
seeking helix, and such structures may be sealed inside the protein or 'so rigidly 
embedded in the protein's surface that calmodulin cannot interact with it. 
A method of predicting protein structures based on protein sequence alone 
would be a great step forward in the identification of calmodulin binding domains 
and proteins. For a method to be useful in each of the areas of interest for which 
the profiles were designed, it must be computationally inexpensive, i.e. each 
iteration of the program must be quick. 
There are essentially three avenues open in the prediction of protein structure: 
• 	A 'Dictionary of propensities'. 
• 	Sequence comparison. 
• 	Energetic modelling. 
The dictionary of propensities technique is typified by the method of Chou and 
Fasman (1978). By examining as many known structures as are available, it is 
possible to note the frequency with which each amino acid occurs in each of 
three or four different structure types (helix, loop, strand and possibly turn). Any 
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given length of peptide of unknown structure will then yield a score based on 
how often each of the amino acids within it have been found in each type of 
structure. This method will return accurate predictions some 60% of the time. 
This accuracy is the limit of information carried about structure within the 
primary sequence of a protein. To achieve accuracy higher than this requires 
knowledge of each amino acid's immediate environment. 
Rost & Sander (1993) have used a neural network to assess similar information 
to the propensities method. The program PHD claims 72% accuracy in its 
prediction of secondary structure. This is achieved by retrieving sequences 
homologous to the given sequence and aligning them. Regions of homology and 
dissimilarity provide information to the neural network concerning the stringency 
of conditions upon any given residue. Unconserved amino acids are not likely to 
be closely interacting with other residues, for example, and may be in loops 
thrown off the main protein. Sturrock (1997; Sturrock & Dryden, 1997), has 
combined sequence data, structural data and structural prediction, to produce 
sss_align, a program calculating matches between proteins on a more holistic 
basis than hitherto possible. 
These multiple alignment techniques are more computationally demanding than 
the simple propensity methods, but savings in processing time can be made by 
correctly ordering the sequence of events in each comparison. In addition to a 
prediction of which structure a peptide might adopt, these strategies (PHD and 
sss_align) provide a quantitative measure of confidence in the prediction, 
allowing the significance of the structural prediction to be applied in biasing the 
scores of different candidate binding domains. 
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The prediction of structure by energy calculation, known as 'fold-threading', is 
extremely computationally demanding, and consists of suggesting a series of 
possible whole-protein structures into which the sequence is then folded 
(Crippen, 1996). Where amino acids come into close proximity as a result of this 
folding, their interactions are predicted as the result of standard energy curves of 
residue attraction and repulsion, based on statistical analysis of known structures 
(Mirny & Domany, 1996). At a distance, amino acids tend to group together, 
and when very close, repel each other. Each interaction near an energy minimum 
scores highly, and each at a high energy is a penalty. The overall structure with 
the lowest score is thus the 'most likely' structure that a given sequence will 
adopt. Fold-threading is not only computationally demanding, but has a large 
number of parameters which must be set and a complex result is returned. 
Confidence in the outcome must be based on operator experience (Bryant, 
1996), and the system is thus unsuitable on two counts for automatic structure 
prediction. 
The predicted propensity for any region to form an appropriate structure (helical 
tendency, exposure, and flexibility) would be combined with the profile scores 
used in this work to increase the significance of any score associated with a 
scoring highly peptide that scored highly for a-helix, and reduce the significance 
of peptides for any other structure. Whilst a quantitative combination would 
allow for the prediction of calmodulin binding, only a combination with the fold-
threading prediction, based as it is on energy, would allow for the correlation 
between KD and score to be considered; a probabilistic method would generate 
false results. However, a prediction of site based on the probabilistic structural 
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prediction techniques, followed by an analysis of the probable binding strength 
based only profile, would be possible. 
As an example, Chou-Fasman predictions were generated (using GCG9) for the 
calmodulin binding domain and the false positive prediction region of endothelial 
NO synthase. The false positive scores very highly on Profile 2.20 (a score of 
4750), but would be rejected on structural grounds - it is predicted to form a 13-
sheet with turns at each end. The true binding site (493-523) is predicted to be 
helical. 
7.2 The yeast dihybrid screen for calmodulin binding proteins. 
The yeast dihybrid system is a relatively recent addition to the stable of 
techniques now available for the examination of protein interactions. Its power 
lies in the fact that the proteins are allowed to interact in vivo, inside the yeast 
nucleus. Selection for proteins in a cDNA library which interact with a chosen 
bait protein is a routine exercise, and closer examination of the proteins in vivo 
utilises established techniques. 
However, the environment within the yeast nucleus is crucial to the nature of the 
interaction. Just as in vitro techniques are necessarily artificial, so the conditions 
in the nucleus are arbitrary; and unlike conditions in an in vitro experiment, 
cannot easily be altered by the experimenter. Likewise the expression of the 
chosen proteins is not under the experimenter's control. Expression in the 
dihybrid yeast system is very low, and it is recommended that antibodies be used 
to assess the expression of proteins of interest. However, even antibody assays 
are not capable of detecting expression from the earlier generations of shuttle 
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vectors used in the system (for instance pACT I as opposed to pACT II, 
Stratagene technical support, pers. comm.). 
Whilst developments in plasmid design do allow the experimenter some influence 
over the conditions of the experiment, there is little leeway, and an understanding 
of the results of any screen must be underpinned by further experimentation on 
the 'positive' products. 
7.2.1 Confirmation of an interaction 
Considerable effort has gone into the development of techniques to remove what 
appear to be false positives from the screening system. These false positives 
represent one of three problems; leaky HIS selection, artifactual interaction 
between the plasmid products, or real interactions which cannot be detected in 
any other system. 
7.2.1.1 Selection stringency 
HIS selection can be made more stringent with 3-AT. This agent can be used at a 
number of concentrations and can quantitatively distinguish weak and strong 
positive interactions. 
7.2.1.2 False positives 
The key technique to removing false positives caused by artifactual interactions 
depends on the use of two promoters which both respond to GAL-4. One is 
placed upstream of the 1115-3 gene, the other is placed upstream of a 
galactosidase gene. In principle a true interaction should support expression 
under both systems. Some workers (e.g. van Nues, pers. comm.) have reported 
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inconsistencies when performing the full set of controls which suggest that the 
picture presented of events in the nucleus is not as complete as might be hoped. 
For instance, the presence of a bait plasmid may support expression of one or 
other gene in the absence of any other plasmid, as well as in the presence of a 
positive control protein (one of which is known to bind to the bait); but not in 
the presence of an otherwise empty library plasmid (a negative control). The 
calmodulin bait used here did not support autoactivation in the absence of other 
plasmids, nor in the presence of many insert proteins. However, since calmodulin 
has a number of in vitro assays which can be used to investigate its interaction 
with other proteins, this study proceeded directly to an attempt to express the 
proteins selected from the library. 
7.2.1.3 The number of calmodulin binding proteins 
The final form of false positive is an artefact of the experimenter's 
preconceptions of the results. For instance, it has been noted (Chua, pers. 
comm.) that calmodulin produces a high rate of positives from the dihybrid 
system. This study repeats that observation, with 9 out of 180,000 colonies 
growing in the absence of histidine. A comprehensive screen of the library would 
involve 10-100x as many colonies, and may be expected to yield (under these 
conditions) 100-1000 positive proteins. 
The view that this is unusually high depends on the preconception that 
calmodulin is a discerning, rather than promiscuous, protein. Certainly in vitro 
there appears to be a distinct set of proteins which may interact with it, but as 
has been noted by others (e.g. Baum pers. comm.), many proteins can be induced 
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to interact with each other in vitro under appropriate conditions; the 
physiological significance depending on the experimenter's point of view. 
If the view is taken that the yeast dihybrid system is indeed a valid representation 
of the cellular conditions under which calmodulin operates, then the high number 
of positives becomes not an engineering problem (one of insufficient stringency) 
but an observation which suggests that calmodulin is a promiscuous protein. 
7.2.2 Future work 
This work would proceed to an in vitro investigation of as many of the 'positive' 
proteins as possible. It must be made clear which of the proteins which appear 
positive in the yeast dihybrid assay can really be considered calmodulin binding. 
The best test for this would be a competitive inhibition assay. If very few are 
shown to have any effect on calmodulin in vitro, then the assertion made in this 
thesis (that the observed high rate of positives is a realistic reflection of the 
behaviour of calmodulin in vivo) is likely to be false. A further screen could then 
be performed on a more comprehensive scale (10 colonies) under more stringent 
conditions; perhaps employing the -galactosidase assay. 
Whilst that continued work would employ established techniques, those 
techniques themselves do not guarantee success. Protein expression is recognised 
as a hit and miss affair; in the course of this work, one protein (calmodulin) was 
expressed with great success, whilst another (ATCBPY1O) could not be detected 
after induction. 
Closer examination of the proteins isolated would also be of interest. ATCBPY5 
is closely homologous to two identified calmodulin binding proteins (TCB60 and 
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Zea mays CBP-1) but the function of the proteins has not been elucidated. Now 
that an Arabidopsis protein has been identified, the experimental strengths of this 
plant may be of use in the investigation, particularly the possibility for rapid 
genetic work as Arabidopsis has a single genome and a rapid life cycle. 
7.2.2.1 ATCBPY6 
ATCBPY6 shows some homology to synexin, a membrane associated 
cytoskeletal protein which is suggested to play a role in membrane fusion. 
Should this protein prove to be calmodulin binding in an in vitro assay, a natural 
next step would be an attempt to localise the protein in membranes. Aside from 
purifying membrane bound proteins and seeking one which binds calmodulin and 
has similar biochemical characteristics to ATCBPY6, it would be of interest to 
raise antibodies to ATCBPY6 and examine its location using immunogold and 
transmission electron microscopy. 
Annexins have been identified in plants both by protein sequence homology 
(Blackbourn & Battey, 1993) and by biochemical analysis (Boustead et a!, 1989; 
Blackboum et a!, 1991). Antibodies have shown that an annexin idiotype is 
located in the pollen tube tip, in the clear, vesicle-rich region (Blackbourn et a!, 
1992). Animal annexins are Ca2 activated phospholipid binding proteins which 
can form voltage gated Ca 2  channels and promote membrane fusion (Moss, 
1997). Plant annexins have demonstrated the same activities, but do not share 
with animal annexins the animal protein's ability to bind F-actin or detergent 
insoluble cytoskeletal proteins. 
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There are a number of defining structural characteristics shared by annexins. The 
C-terminal bulk of the protein consists of a collection of hydrophobic 
transmembrane helices, and the N-terminal domain of a hydrophilic, turn-rich 
region, which is rich in glycine, tyrosine and proline. It is this GYP-rich domain 
with which ATCBPY6 shares homology; ATCBPY6 appears not to possess any 
of the transmembrane helices. Whilst the inter-helical turns in the animal protein 
are believed to compose the Ca24  binding site, the important sequence motifs are 
missing in the plant annexins so far analysed. The control of plant annexins is 
thus likely to be different to that of animal annexins. The role of the GYP-rich 
domain is unknown, however it appears to be involved in protein-protein 
interactions. In human cells, sorcin, a 22kDa Ca 2' binding protein, associates in a 
C24  dependent manner with the N-terminal domain of synexin (Brownawell & 
Creutz, 1997) and may be associated with the control of the ryanodine receptor, 
a C24 channel (Meyers et a!, 1995 ). Xenopus synexin has a variable PGQM 
repeat region which appears to be tissue specific and interacts with a number of 
tissue specific proteins which are as yet unidentified (Srivastava eta!, 1996). 
At a simple level, were ATCBPY6 to prove to be a membrane associating 
annexin, the possibility arises of an elegant dynamic control mechanism. 
Annexins are very slow Ca2  binding proteins, calmodulin, very fast. As a wave 
of free C24  passed through the cytoplasm, calmodulin would first bind C2 and 
probably associate with the annexin. A number of small calmodulin binding 
membrane associated proteins (e.g. MARCKS and neuromodulin) dissociate 
from membranes upon binding calmodulin, and it would appear likely that 
annexins binding calmodulin may do so as well. The annexin would then bind 
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C2, which promotes membrane adhesion of annexin. The possibility of 
calmodulin involvement invites the consideration, therefore, of a rapid 
redistribution of annexins within the Ca2 rich region of the pollen tube tip. 
In the absence of transmembrane helices, however, it appears that ATCBPY6 
may have a protein binding domain with homology to the protein binding domain 
of synexin, and thus that it may be involved in the competitive regulation of 
synexin-binding factors. Synexin, sorcin and ATCBPY6 are all similarly related 
(at approx. 44%) across their GYP rich domains and this may be the result of a 
class of protein-protein interaction. If that is so, speculation about the interaction 
between these proteins is tenuous, but it does suggest a direction for future 
experimentation. 
7.2.2.2 ATCBPYJO 
ATCBPY1O was deemed of interest from early on in the work as cells expressing 
it survived 3-AT concentrations up to 100mM. It would still be of interest to 
examine this protein, but as yet the insert fragment is partially sequenced. 
Enough fragment is present however to proceed with an attempt to clone the full 
gene and examine the sequence for evidence of a strong calmodulin binding site. 
Although there is a possible site in the sequence generated so far, it is not as 
positive a signal as one would expect from a strong calmodulin binding protein, 
which is indicated by the 3-AT differential survival assay. 
7.2.2.3 ASIP-1 
The presence of ASIP- 1 (as named in this study) among calmodulin binding 
assay products presents the possibility that this protein and its homologues 
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(BOIP and SIP-1) are calmodulin binding. However, whilst the strongest score 
from any of the three proteins is high (SIP- 1), and the region is conserved, the 
conservation does not appear to retain the characters expected of a calmodulin 
binding domain. This presents the curious concept of homologous proteins 
showing different characteristics; SIP-i may be calmodulin binding, but its 
homologues may either not be calmodulin binding, or bind in a different site. 
Cloning of all three genes in expression vectors and demonstration of calmodulin 
binding would open the way to deletion mutants which could be used to identify 
the binding site, and confirm or disprove the current tentative diagnosis of 
calmodulin binding. 
7.2.3 Conclusion 
In conclusion, this screen has returned a number of potential calmodulin binding 
proteins. It is not possible to discard any as obviously not calmodulin binding, 
and one is a close homologue of previously characterised calmodulin binding 
proteins. Further studies on these proteins may confirm their interaction with 
calmodulin, and allow their inclusion in the growing group of plant proteins 
+ which are involved in the Ca 2  /calmoduhn signalling pathway. 
7.3 A possible model of the movement of calmodulin within the cell 
This study proposes the existence of a significant body of calmodulin binding 
proteins of modest affinity. Thus, it is proposed that all the calmodulin in a cell is 
bound at any one time, in vivo. The presence of 'soluble' calmodulin in 
extraction procedures is explicable, since much of the bound calmodulin will be 
bound to very weak calmodulin binding proteins. It is not suggested that any of 
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these weak calmodulin binding proteins are activated by calmodulin, but their 
presence as a store of calmodulin, and the fact that the balance of KD values will 
lead to a localisation of calmodulin, may well be of physiological significance. 
Investigations of particular proteins, for instance neuromodulin, have considered 
the possibility that the protein binds a significant proportion of the calmodulin in 
its vicinity. Proteins have been described which bind to calmodulin with a number 
of different dynamics. 
The behaviour of a system which has a number of calmodulin binding proteins of 
varying KD values has not been examined in depth. Such a system has hitherto 
been ignored in favour of a discussion of the influence of individual calmodulin 
binding proteins which possess significant affinities for calmodulin. 
The discussion has been based on independent measurements of KD for individual 
binding proteins, which makes the assumption that there is a pool of free and 
unassociated calmodulin present in the cell. Rasmussen & Means (1987, 1989) 
have altered the levels of calmodulin in murine C127 cells and their results 
suggest that there is no excess of calmodulin present as there is a dose-response 
effect on either side of the natural basal level. This certainly implies that the 
downstream effectors involved in cell cycle GI duration (their chosen phenotype) 
are not saturated, but does not definitively indicate the absence of free 
calmodulin. If there are a number of different downstream effector systems in the 
cell at any one time, they will be at different levels of saturation depending on the 
availability of calmodulin; this is not the same as the level of free calmodulin. It 
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is possible, for instance for a calmodulin binding protein to be less than saturated 
even in the presence of free calmodulin. 
Figure 7-3 shows some of the possible modes of calmodulin binding in response 
to changing levels of calmodulin. For simplicity, only two discrete states of Ca 2 
level are discussed, but in vivo a continuum of Ca2 is observed, and various 
response elements appear to respond to different magnitudes of Ca 2 signal. 














CBP, binds CaM 
and activates 
pre-bound CaM 
Example MARCKS Spectrin Neuromodulin GAD 
Figure 7-3 Four possible behaviours of significant calmodulin binding proteins of 
which examples have been described. Each box represents the population of the 
calmodulin binding protein in question. The black infihl indicates the amount of that 
protein which is binding Cd/calmodulin, and grey infill represents protein binding 
Ca free calmodulin. 
The relationship between calmodulin and calmodulin binding proteins is generally 
considered in isolation, in an artificially simplistic scenario involving only one 
calmodulin binding protein and a free pool of unbound calmodulin (Figure 7-4). 
The relationship between calmodulin and more than one binding protein, has not 
been discussed (with one exception). 
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The commonly accepted model of calmodulin binding, with calmodulin 









The suggested situation, with no free calmodulin. A simplified example of this 
scenario in action is the Melex assay, which has only two calmodulin binding 
proteins. 
Figure 7-4 Three schemes for the calmodulin relations within a cell. A-D represent 
four calmodulin binding proteins, CaM the body offree calmodulin. 
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The single exception is the competitive equilibrium between calmodulin and two 
calmodulin binding proteins to calculate their relative KD values, e.g. the Melex 
assay. This is only possible because one of the proteins is immobilised and used 
to secure a limited amount of calmodulin. The reverse scenario, where CaM may 
be bound and two peptides introduced, does not yield a quantitative assay, as 
free calmodulin may be present. 
Whilst it is possible to model the relationship between calmodulin and a single 
calmodulin binding protein in a simple equation, the relationship between a 
number of calmodulin binding proteins and free store of calmodulin is more 
complex. From the simple equation defining KD (1, below) it is possible to derive 
the defining relationship between the calmodulin binding potential of a 
calmodulin binding protein amongst a population of such proteins; 
where; K is the KD of protein 'i' 
X1 	 C is the concentration of 
free calmodulin 
P1 is the concentration of free 'i' 
X1 is the concentration of bound 'i' 
If the amount of calmodulin is limiting; i.e. there is no free calmodulin, then the 
calmodulin will be distributed between the calmodulin binding proteins which are 




The fraction of calmodulin which is bound to each protein class must sum to 
unity (3). 
F 1 +F2 + .... F=1 
i.e. 	F1 + Fr =1 	 where 	F1 is the fraction of the available 
calmodulin which is bound to 
protein 'i' 
Fr is the fraction bound to other 
proteins. 
Adding a constant to create an equation from (2); 
xi=ii 
K 
enables us to define the fraction of the calmodulin associated with the protein 'i' 
in these terms (5), at which point the constant is removed from the equation; 
F1= 	= 	 = 	Pi 
Xi+Xr __ic4_ 	Ki 
thth Pi + 
KiKr 	KiKr 
7.3.1 Observations of the model 
A number of assumptions are made in this, and as a result the model represents a 
subset of the possible modes of calmodulin activity. Firstly, only the binding of 
calmodulin is considered significant. This means that a protein is considered to 
have only two states - calmodulin-bound and calmodulin-free. In practice, a 
number of proteins are observed to bind some calmodulin both in the presence 
and absence of Ca2 . It is generally assumed that all biologically significant 
calmodulin binding proteins are in some way activated, that is, their behaviour is 
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significantly altered, by the binding of calmodulin. This is not, however, the case. 
Calmodulin may act as a steric inhibitor (as in the case of MARCKS, where 
phosphorylation and actin binding are inhibited by the presence of calmodulin) or 
the biological significance of binding may be an alteration in the local 
concentration of calmodulin itself, a role which has been proposed for 
neuromodulin. 
In the event of a protein being activated by calmodulin, the interaction provides 
energy which changes the form of the protein and affects its behaviour. The 
energy available for the interaction of each protein with calmodulin will vary with 
the specific interaction (for instance the Ca 2 sensitive binding of Type ifi 
binding proteins) and the local Ca 2 concentration. The activation depends both 
on the presence of calmodulin and the correct levels of C2. In some cases, it 
may be that the binding of calmodulin regardless of local Ca 21 concentrations 
provides sufficient energy, and thus it is the binding of calmodulin which is 
significant. In other cases (for instance GAD and MLCK) not only is there 
insufficient energy released from the binding of calmodulin itself to activate the 
protein, but the calmodulin is previously bound to the protein in the absence of 
Ca2 . 
The simple mathematical model described in the equations given above is 
applicable to the interaction typified by MARCKS. There is no evidence that 
calmodulin is bound to the protein in the absence of Ca 2+  , and it is the binding of 
calmodulin itself which is of biological significance. If such assumptions are 
made, the significant variable is the activation ratio, the ratio between the 
amounts of calmodulin bound by the protein in question under the conditions of 
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low and high Ca2  concentration. The final assumption made is that there is no 
free calmodulin in the system, regardless of the amount of C2 present. 
It is possible to model the behaviour of this system quite simply on a spreadsheet 
package. Four calmodulin binding proteins, A-D, with different KD values, are 
modelled. In different scenarios, different amounts of each protein are present. 
The output is the distribution of calmodulin between the four binding proteins as 
a fraction of the total calmodulin present. Two situations, Low Ca 2 and High 
Ca2 , are considered in each scenario. 
Two observations of note may be made. Firstly, in a simple system consisting 
only of Ca2  dependent calmodulin binding proteins in an environment in which 
all the calmodulin is always bound to one protein or another, the weak 
calmodulin binding proteins form an important store of calmodulin and enable 
higher activation ratios of the more strongly binding calmodulin binding proteins 
(Figure 7-5). 
Given the proposition that the stronger calmodulin binding proteins secure all the 
available calmodulin, even in the presence of Ca 2 , the weaker calmodulin 
binding proteins play an important role in enabling a high activation ratio; the 
ratio of calmodulin binding to a particular calmodulin under high and low C2 
conditions. 
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Protein lCD (nM) Concentration 






HighCa2 A 1 1 0.33322 37.32089 
B 10 10 0.33322 3.73209 
C 1001 100 0.33322 0.37321 
D 10001 1 0.00033 0.03732 
LowCa2 A 10001 1 0.00893 
B 1000 10 0.08928 
C 1000 1001 0.89285 
D 1000 11 0.00892 
a) The scenario in the absence of-protein LI, the weak calmoaulin binaing protein. 
The activation ration ofprotein A is low. 
Protein lCD  (nM) Concentration 






HighCa2 ' A 1 1 0.25 277.75 
B 101 10 0.25 27.775 
C 1001 100 0.25 2.7775 
D 10001 1000 0.25 0.2778 
Low C2+  A 1000 1 0.0009 
B 1000 10 0.00900 
C 1000 100 0.09001 
D 1000 10001 0.90009 
b) The scenario in the presence of -protein D. The activation ratio of protein A is 
now much higher. 
Figure 7-5 The role of weak calmodulin binding proteins in ensuring effector protein 
activation in a calmodulin-limited scenario. Above, the situation in the absence of 
weak binding proteins; Below, the situation in the presence of weak binding proteins. 
The second observation is of a more complex model, one which represents the 
four classes of calmodulin binding protein shown in Figure 7-3. There is a trade 
off between Ca2  sensitive binding proteins and weak calmodulin binding 
proteins. If Ca2  sensitive binding proteins are weak in the absence of calmodulin, 
then the simple model described above holds true, and the amount of weak 
calmodulin binding proteins determines the possible degree of activation of the 
stronger calmodulin binding proteins. It is assumed that Ca 2 sensitive proteins 
are scarce. 
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If, however, Ca2  sensitive calmodulin binding proteins are relatively strong 
binders in the absence of C2, the amount of weak calmodulin binding protein 
becomes irrelevant. 
These two observations demonstrate the subtleties that the cell can bring to bear 
upon Ca2+  modulated signal transduction via calmodulin. The response of various 
significant elements (the strong calmodulin binding proteins) can be mediated by 
the presence of weak calmodulin binding proteins (which this study proposes are 
far more common than previously believed) and the potentially influential nature 
of weak calmodulin binding proteins can be overcome by the presence of Ca 2 
sensitive calmodulin binding proteins. 
One less definite observation concerns the complex nature of the relationship 
between calmodulin binding proteins and their common ligand. The spreadsheet 
model is highly sensitive to the ratios of KD values and concentrations. An 
understanding of physiologically significant calmodulin interactions is only 
possible with the inclusion of large amounts of quantitative data which have not 
yet been elucidated. 
7.3.2 Consequences of this model 
Further conclusions can be drawn. These models indicate that the calmodulin 
does not move en masse from one source to one sink, but rather that the relative 
proportions involved in protein binding alter. This has serious consequences for 
the studies examining the localisation of calmodulin, since the localisation is 
presumed to match the site of activation. This is not necessarily the case. The 
localisation is most likely to be due to the presence of weak calmodulin binding 
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proteins, and the 'significant' activated proteins are utilising a relatively small 
fraction of the available calmodulin. The shift of sufficient calmodulin to cause 
activation may not be visible when compared to the bulk of calmodulin which is 
involved with weaker binding proteins. 
Searches for localisation factors involved in the bulk translocation of calmodulin 
are likely to concentrate on strong calmodulin binding interactions as these are 
the easiest to study and are the ones demonstrable in overlay techniques. This 
study suggests that localisation factors will be weak calmodulin binding proteins 
and proposes that the yeast dihybrid system is a useful tool for their examination. 
Care must be taken with the extrapolation of this model. Firstly, it is assumed 
that the bulk of strong calmodulin binding proteins do not bind calmodulin in the 
absence of Ca2 . This is not necessarily the case, and given that the presence of a 
calmodulin binding peptide has sufficient energy to restore Ca 2 binding function 
to a Ca2  insensitive mutant of calmodulin, it is quite possible that the majority of 
calmodulin binding proteins have some significant association with calmodulin in 
the absence of Ca2 . At this point, it becomes important to appreciate which 
proteins are activated by calmodulin itself, and which require the extra energy of 
Ca2  binding. For instance, certain mutants of calmodulin which do not bind Ca 2 
will rescue calmodulin-free yeast, which is otherwise non-viable (Geiser, et a!, 
1991). 
What is certain is that an understanding of the interaction between calmodulin 
and its downstream effector proteins is a lot more complex than the simple C2 
dependent on-off situation as described. To truly understand the interaction 
226 
between calmodulin and a given target, the balance of concentrations and KD 
values of the other interaction sites in the vicinity must be understood. It is also 
very important to assess the calmodulin binding potential under all 
Ca2  conditions, and the degree to which activation is mediated by Ca 2 binding 
to the calmodulin-enzyme complex, or by calmodulin's interaction with the 
enzyme itself. 
Only one essential character of the model remains to be proven. This study, by 
examining one class of C2 ',dependant calmodulin binding proteins, suggests that 
under high Ca2  conditions, all calmodulin will be sequestered by one protein or 
another. Although it is likely that under low C2 conditions all calmodulin is 
similarly constrained, this is not as yet supported unequivocally by evidence. The 
concentration of Ca 2+  sensitive and independent proteins in the cell has not been 
closely examined. This study suggests that these examinations are an important 
part of the understanding of calmodulin mediated Ca 2 intracellular signalling. 
7.3.3 Measurement of KD 
Techniques currently available to assess calmodulin binding do so in a series of 
artificial situations. Binding in vitro is necessarily artificial, and is highly unlikely 
to reflect the true in vivo situation. 'Trans vivo' systems such as the yeast 
dihybrid system used in this study provide a possible route to assessing 
calmodulin binding under physiological conditions. At present the most accurate 
method of measuring the binding interaction in vitro is the Melex competition 
assay. A similar assay already exists in the dihybrid system as the calmodulin 
interaction is taking place in a competitive environment. To move the 
quantifiable window of KD values and provide further accuracy, the competition 
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could be increased with the addition of a third vector expressing one of a number 
of control peptides which compete with the test calmodulin binding protein just 
as melittin does in the Melex assay. The system provides a quantifiable measure 
of binding either by the expression of 3-galactosidase or by differential survival 
on 3-AT, as used in this study. 
A further development towards the investigation of in-vivo interactions is the 
recent development of fluorescent indicators of Ca 2 levels (Miyawaki, et al 
1997). A hybrid protein called a 'cameleon' consisting of Blue Fluorescent 
Protein (BFP), calmodulin, M13 (an MLCK calmodulin binding peptide) and a 
Green Fluorescent Protein (GFP); shows a change in re-emission energy when 
stimulated with light at 370-440nm. In the absence of Ca 2 , the two fluorescent 
proteins interact randomly, and the re-emission is mainly from the BFP at 440-
480nm. In the presence of Ca2 , the M13 peptide binds to the calmodulin, 
bringing the two fluorescent proteins into closer proximity and allowing an 
increase in the Fluorescence Resonance Energy Transfer (FRET). FRET carries 
the excitatory photon's energy from the BFP to the GFP where it is re-emitted at 
510-535nm. The difference in emission energy (wavelength) is a measure of local 
Ca2  concentration. The 'cameleon' protein can be expressed and targeted in 
vivo to a number of cellular compartments. 
Although the authors suggest that the internal calmodulin interacts preferentially 
with its own M13, and not with local hydrophobic proteins, it has not been tested 
in the presence of calmodulin binding proteins. If the cameleon's calmodulin 
binding KD were to be measured using Mdcx, it would provide a means to assess 
the in-vivo binding strength of calmodulin binding proteins. 
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7.3.4 Flexibility of the Ca 2+ & Calmodulin signal transduction system. 
The interaction between calmodulin and its downstream effector proteins is now 
known to be highly flexible and capable of many modes of operation. This 
discussion makes various suggestions for ways in which a cell can execute 
control over the behaviour of its calmodulin based response elements. A 
comparison with the behaviour of C2 1  itself presents parallels, and suggests a 
terminology which may be used to represent the suggested body of weak 
calmodulin binding proteins. 
2+ Ca is a large ion, and as has been suggested earlier, it is kept to low 
concentrations within the cell to prevent the formation of lethal calcium 
phosphate precipitates. It does not, however, diffuse well through the cytoplasm. 
Although a combination of its size and the viscosity of the cytoplasm would lead 
to the prediction of a slow diffusion, the rate is far slower than theory would 
suggest. 
It has been proposed that there is an effective concentration of Ca 2 binding sites 
within the cytoplasm of approximately 1mM. It is possible to suggest that the 
maintenance of low Ca2  levels in higher organisms is not because of the 
production of calcium phosphate, but the presence of so many Ca 2 binding sites 
- Ca2 is kept low to control Ca 2  responses, both physiological and pathological. 
Under such conditions, the movement of Ca 2 is limited by the short distance it 
traverses before being entrapped by a protein. This binding activity is referred to 
as 'buffering'. Fast C2 movement is possible via fast diffusing, C2 binding 
proteins and is referred to as 'buffered diffusion'. 
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By analogy, the proposed body of weak calmodulin binding sites may be referred 
to as 'buffering' calmodulin. Discussion of the two systems may then continue 
with cross-referencing to sources and models. 
If calmodulin is indeed buffered in a similar fashion to Ca 2 then an added layer 
of signalling is possible. Not only is the distribution of calmodulin related to local 
Ca2  concentrations, but to the presence of suitable buffering or activated 
proteins. Changes in the protein background will alter the distribution of 
calmodulin. For instance, MARCKS and neuromodulin bind calmodulin in a 
fashion which is dependent on phosphorylation. The activation of a kinase 
cascade may lead to movement in calmodulin as calmodulin leaves these 
'storage' proteins and is distributed amongst the stronger binding proteins. 
Whilst Ca2  waves are inhibited from forming calmodulin waves by the presence 
of two layers of kinetics (the speed of Ca 2 binding by calmodulin, and the speed 
of calmodülin binding by another protein), it may be suggested that calmodulin 
may act as a localised, buffered signal much like Ca 2 itself. It may respond to the 
presence of kinase activity, or respond to other enzymic equilibria. Calmodulin 
waves based on a feedback relationship between calmodulin and a kinase are not 
inconceivable. Whilst CaM Kinase II utilises a positive feedback relationship, a 
negative feedback relationship would damp any perturbation of the calmodulin 
equilibrium to a new stable state. Damping oscillations are observed in many 
perturbed systems, and such oscillations, when spatially separated by movement 
of their constituent molecules, would appear as waves of protein activation, or 
'calmodulin potential', moving through the cell. 
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It is also possible for proteins to offer different binding kinetics to calmodulin; 
Montigiani et a!, (1996), discuss the possibility that a fast rate of dissociation 
would be found in some interactions, where ending the response is important. 
They point out that the presence of a high dissociation rate would lead to a less 
than optimal KD value, emphasising the point that KD is only a crude description 
of the interaction between calmodulin and its target proteins. 
7.3.5 Further Ca 2+ - calmodulin interactions 
There are a number of specific C2 phenomena which should be discussed 
alongside any model of the effect of calmodulin. 
7.3.5.1 Localisation 
Ca2  signals are localised. This is possible because of the buffering effect of the 
cytoplasm which traps changes in Ca2  concentration to small microdomains. 
Given the growing recognition of cytoplasmic organisation at all levels, it may be 
suggested that Ca2  channels to intra and extracellular stores may be structurally 
associated with sequestered calmodulin, and downstream effector proteins. Such 
a structure would enable the rapid, specific and localised response of a cell, with 
enzymes, substrates and control systems primed and 'tuned' to a triggering 
signal. The existence of calmodulin buffering is a part of such a model. 
7.3.5.2 Speed of response 
Different proteins bind Ca 2  at different speeds. Calmodulin, for instance, 
responds to Ca2 very quickly (Torok & Whittaker, 1994). Annexins are much 
slower. It is proposed that a medium speed buffer protein such as calbindin 
would inhibit a response by annexins to C2 but allow a response via 
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calmodulin. Indeed, the use of calmodulm by so many Ca
2+  responsive systems 
may be required because of the presence of a high apparent concentration of Ca 2 
binding sites. 
Speed of response will be an issue at the calmodulin stage of transduction as 
well. Some proteins will respond to calmodulin binding faster than others, and a 
kinetic competition will occur between calmodulin binding sites which depends 
on more than just KD. Information on the speed of response of calmodulin's 
effector proteins has not been examined to date, but such information is likely to 
prove important in the unravelling of the behaviour of response structures. 
7.3.5.3 Ca waves 
The influx of Ca2  from stores is not only localised spatially, but temporally. Peak 
sizes vary both in amplitude and duration, and it has long been speculated that 
differences in these characters in the responses to different stimuli carry 
information which is transduced by the cell. Combinations of peaks have also 
been observed and patterns of Ca 2+  waves have been noted in a number of 
systems (e.g. Simon & Cooper, 1995; Nathanson et a!, 1995; Cooper, 1995; 
Tang & Othnier, 1994; Nathanson eta!, 1994(A); Nathanson eta!, 1994(B)). 
For these responses to be real, some means of extracting the information 
encoded in a peak must be identified. Calmodulin dependant protein kinases such 
as Ca.M MI may be one such system (Bray, 1995). This protein has a substrate 
site within itself and can trans-autophosphorylate. It does so when activated by 
calmodulin, and phosphorylation increases calmodulin binding by 1000 fold. This 
positive feed back is kinetically limited by the concentration of the kinase (which 
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limits the rate of trans-auto phosphorylation). However, not only does the system 
show responses to increases in magnitude and duration of single peaks and then 
(under the control of phosphatases) allow a delayed response to a Ca 2 mediated 
signal, but it can transduce a series of Ca
2+  waves, effectively integrating their 
magnitude and duration. For a set size of Ce wave this would effectively act as 
a measure of frequency. The range of activation which can thus be controlled by 
a Ca2  based system of limited resources (in energetic and ion-store terms) is 
much wider than might be achieved by control of a single peak. 
The effect of C2 waves depends on the rapid response of the Ca 
2+  system; in 
this case calmodulin. A receptor reacting slowly would perform its own 
frequency integration, which in the absence of a positive feedback system such as 
the trans-autophosphorylation would reduce, not increase, the response range of 
the system. The speed of calmodulin's response is thus critical. Part of the speed 
of that response must lie in the local availability of a store of calmodulin, which 
this thesis proposes is provided by the general calmodulin buffering capability of 
the cytoplasm. 
7.3.6 Ca 2+ & calmodulin in plants 
Whilst it is possible to discuss the theoretical aspects of Ca 2 and calmodulin 
based signal transduction in very generic terms, there are a number of features of 
higher plant cellular physiology which have to be examined. 
7.3.6.1 The presence of a vacuole 
One of the major features of most plant cells is a large fluid filled vacuole which 
provides a considerable degree of physical structure to the cell and whole 
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organism, and is a repository for metabolic by-products. This fluid contains very 
high levels of Ca2  ions (around 100mM) and is effectively an inexhaustible 
supply of Ca2  ions. Since the intercellular space in plants contains the cell wall 
and is a controlled region used for a number of purposes, the vacuole is 
effectively the true 'extracellular' space of a plant cell. C2 in the cell wall, for 
instance, is involved in the polymerisation of pectin, a significant component of 
the primary cell wall sugars (Rodinova & Bezborodov, 1997). 
Unlike animal cells, whose shape is determined by function to a high degree, and 
whose paradigm tends to a sphere, plant cells are effectively thin layers of 
cytoplasm surrounding the vacuole. Tendency towards a sphere is linked to two 
characters; firstly a low ratio of surrounding membrane to volume, and secondly 
the close physical proximity of all internal structures. Plant cells, significantly 
diverged from that form, have a high ratio of surrounding membrane to volume - 
if the tonoplast is considered external and the vacuole not included in the 
'volume'. The behaviour of this membrane, which does not exist in animals, and 
the presence of the vacuolar Ca 2 stores, is likely to be a significant factor in 
plant cell signal transduction. 
The evolution of vacuolar signal transduction systems will require the evolution 
either of the targeting of previously existing signal transduction proteins, or the 
development of signal transduction functions in vacuolar-associated proteins. 
The presence of common background calmodulin binding activity suggested by 
this work presents the possibility that calmodulin binding sites would be a less 
demanding evolution than the alteration of targeting sequences. Thus, a host of 
234 
transduction proteins with little or no homology with animal transduction 
proteins can be expected. 
7.3.6.2 The presence of a cell wall 
The cell wall itself is involved in the transduction of information via mechanical 
links (integrins) and chemical links (the control of pollen tube direction). Ca 2 
plays an important but as yet uncharacterised role in the cell wall, and calmodulin 
has been identified in cell walls (Sun eta!, 1995; Suresh & Subramanyam, 1997). 
The identification of cell wall calmodulin binding proteins is likely be 
complicated by the fact that unlike intracellular calmodulin binding proteins, 
some of which need to be very strong binders, the lower background of 
calmodulin binding sites likely in the cell wall (as there are fewer proteins) will 
allow physiologically significant calmodulin binding proteins to have relatively 
weak calmodulin binding activity. In vitro techniques used to date will need to be 
adapted to discriminate these proteins, whilst in vivo and trans vivo techniques 
may enable their isolation more directly. However, calmodulin binding proteins 
have been isolated from plant cell walls (Suresh & Subramanyam, 1997; Tang et 
al, 1996). 
One key effect of the cell wall and its environment is to remove the ability to use 
the extracellular space as a very flexible reservoir. It is being recognised that the 
cell wall is highly organised and this organisation extends to its buffering 
capabilities. The role of Ca2 and calmodulin both in this environment and in 
cellular microdomains associated with it (for instance the inner face of the cell 
membrane) is likely to be different from that of animals. However, whilst 
calmodulin is extremely highly conserved, the flexibility of the calmodulin 
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binding interaction allows a plant to use different downstream effector proteins 
alongside Ca 21  channels. 
A further consequence of the shape of plant cells is the ability to separate 
response elements by great distances from each other, but with the same 
resources; just as any point on a piece of paper may be a long way from another 
point, yet both are close to both sides. 
7.3.6.3 The speed of the responses of the whole organism to its environment 
A plant responds to its environment with alterations in growth, metabolism and 
in a few cases, relatively rapid movement of components. A plant's response to 
severe variation in environment can cause it to grow as a small, low transpiration 
shrub in hot well lit environments; or as a tall woody structure optimising light 
up-take in cooler, dimmer regions. An animal, optimised for one condition, must 
move to survive - poikilotherms being an extreme example, which must move in 
and out of the sun to regulate body temperature. 
As a result, animals have evolved to respond very rapidly to their environment. 
Reaction times range from milliseconds up; for the whole organism. Plants on the 
other hand do not typically move significant masses of material at high speed. A 
fast response for a plant will involve changes in metabolism to match conditions, 
variations in tropism, or the movement of structures by slow hydraulic processes. 
As a consequence, the intracellular control structures of plants and animals have 
different priorities. Since the slower processes of gene control and intracellular 
relocalisation are options that a plant cell has which an animal cell does not, it is 
perhaps not surprising that Ca 2 appears to be a common factor in most cellular 
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responses investigated so far, and to occupy a wide and more significant role 
than in animal cells. 
7.4 Conclusion 
The Ca2  and calmodulin signal transduction pathway is of paramount 
importance in understanding plant responses to their environment. Whilst a 
number of aspects of the transduction pathway are found to be held in common 
with animal cells and to thus benefit from the conclusions of work conducted on 
animal systems, the downstream effector proteins in plants are different from 
those in animals and must be studied independently. Although a number of plant 
calmodulin binding proteins have been isolated and characterised, modelling of 
the interaction in this work suggests the presence of a large number of weaker 
calmodulin binding proteins and suggests that not only may these weaker 
proteins be themselves downstream effectors of a calmodulin based signal, but 
that they buffer and significantly modulate the downstream response of stronger 
binding proteins. The behaviour of any one protein in response to calmodulin can 
thus not be considered in isolation. 
The yeast dihybrid system has been used to isolate plant calmodulin binding 
proteins as part of this work and it is proposed that this is a suitable technique to 
search for and analyse the weaker calmodulin binding proteins suggested by the 
modelling work. 
However, given that in the world of Newtonian physics, the behaviour of three 
massive bodies is considered to be non-deterministic, and the Ca" calmodulin 
response system is far more complex than that, realistic limits must be placed on 
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expectations of any final understanding of the transduction of information 
through the cell. This discussion raises some of the complexities of Ca2 based 
signal transduction and makes some suggestions for the direction of future work, 
but it is likely that any progress will be essentially descriptive of particular 
systems. if the final aim is cryptanalysis; that is, the detection of communication, 
and the translation of the meaning carried, by an outside party (such as detecting 
the plant's internal warning that fungal infection has occurred); then a 
recognition of the enormous flexibility and complexity of this signal transduction 
system is essential. 
7.4.1 The number of calmodulin binding proteins in the cell 
Any prediction of the number of calmodulin binding proteins in the cell must 
state explicitly the criteria used to define 'calmodulin binding protein'. Common 
implicit definitions include binding in one or more in vitro assays, binding with a 
KD within certain bounds, and binding of physiological significance. 
The discussion above demonstrates that any and all binding may be of 
physiological significance, yet allows for a distinction between proteins which 
bind to calmodulin and whose behaviour is not affected, and those proteins who 
behaviour is altered by the presence of calmodulin. 
Also, the modelling performed implies the presence of a full range of KD scores 
among proteins. Any definition of 'calmodulin binding' based on KD must be 
arbitrary. Similarly, the use of in vitro assays of binding assigns an arbitrary 
binding strength as a criterion, without explicitly stating it. These assays are also 
highly artificial in the environment of the assay, the concentrations of calmodulin 
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and test protein used, and the method of detection. In vivo (or trans vivo) 
systems such as the yeast dihybrid system represent a significant step forward, as 
they supply a biologically realistic environment for the assay of protein protein 
interactions. Yet even in this assay, many factors are uncontrollable and not 
explicit. 
In the absence of any secure definition of calmodulin binding, it is difficult to 
propose what number of calmodulin binding proteins may be expected to be 
found in the typical eukaryotic cell. However, on the basis of peer consensus 
which recognises that by a number of different criteria a given protein is 
calmodulin binding, this work suggests that the number of calmodulin binding 
proteins which will be so identified will number in the low hundreds. 
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APPENDIX A. 
Profiles used for assessing fit of putative calmodulin binding peptides to the 
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Datasets of proteins and peptides used in the analysis of the calmodulin binding 
profiles described in Chapter 5. 




Name CaM binding domain Reference 
A39169 MARCKS 145-171 Blackshear, 1993. 
S16233 NOSynthase 727-747 Zhang& Vogel, 1994. 
M64757 CDPK (R.norvegicus) 
S46283 CDPK (A.thaliana) 
A14850 Adenylate cyclase 
(B.pertussis) 
235-254 Mumer et al 1993, 
 Glaser et at 1989 
J03886 skMLCK (R.Norvegicus) 
X52876 fbMLCK (G.gatlus) 1081-1101 Shoemaker et at, 1990 
J05087 CaM sensitive 
Ca2 /ATPase (R. 
norvegicus) 
L01496 CaM binding protein 
(Z.mays) 
L01497 CaM binding protein 
(Z.mays) 
L22557 1G5 kinase-like CaM 
binding protein (R. 
norvegicus) 
L49358 AKCBP 1218-1240 Reddy etal, 1996- 
S79243 HSP(N.tabacum) 
X12801 Fodrin (Mmusculus) 
Z38126 Protein kinase 
(Mdomesticus) 
U58971 TCB60  
X54963 CMPI  
X54964 CIvIP2  
L16797 GAD (P.hybrida) 469-500 Baum et al, 1993 
Z17313 CamKII (M.domesticus) 290-330 Shoemaker et al, 1990 
M88185 TRPL 236-275 Philips et at, 1992 
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b) Large dataset used to investigate relationship between KD and profile score. 
Name Sequence Kd(nM) 
HIV gp6O (768-78) yhrlrdlllivkri-vellgrr 
41 
HIV gp&) (826-854) drvievvqricraiihiPrrirqggeral 31 
Adenylate cyclase (anthracis) llikyg i erkpdstkgtlsnwqkqmldrkneavk 800 
Adenylate cyclase (pertussis) idllwkiaeagarSaVg 580 
Melittin gigavlkvlttglpal iswikrkrqq 
3 
Mastoparan (polistes) vnwkkigqhilsvl 
3.5 
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11.4 




























































c) Small dataset used to correlate KD and score (after Vogel & Zhang, 1995). 
Protein Binding sequence KD(nM) 
Adenylate cyclase I DLLWKIAEAGARSAVG 580 
CaM Kinase ARRKLKAAVKAVVAS S RLG 3-10 
Ca  2+ pUMp RGQILWFRGLNRIQTWIKVVNFSSS 600 
Phosphorylase b kinase LRRLIDAYAFRIYGHWVLGQQQNR 20 
Phosphorylase b kinase GKGKVICLTVLASVRIYYQYRRVKP 6.5 
PFkinase FMNNWEVYKLLAHIRPPAPKSGSYTV 11.4 
skMLCK KRRWKKNFIAVSAANRFKKISSSGAL 1 
smIvlLCK RRKWQKTGHAVPAIGRLSSS 1 
Spectnn KTASPWKSARLMVHHTVATFNSIKE 100 
Type II kinase NARRKLKGAILTTML1TPNFS 1 
PDE TEKMWQRLKGILRCLVKQL 30 
Caldesmon GVBNIKSMWEKGNVFSS 800 
Mouse HSP70 KRAVRRLRTACERAKRTLSSS 10 
249 
APPENDIX C. 
The use of statistics. 
The correlation of profile score and KD value for a dataset of protein sequences 
for which the KD had been experimentally determined was performed using a 
Pearson product moment correlation test. This test requires the data be measured 
on an interval scale (not ranked) and to meet the basic assumptions for 
parametric tests of normal distribution and homogeneity of variance. 
The two data sets collected are sub sets of the global population of scores and 
KD values. It is assumed that these global populations are normally distributed 
by virtue of their large size. The scores resulting from the more complex 
profiles, when examined on a probability distribution curve, (e.g. Figure 5:25) 
do not appear to fit to a normal distribution, but these curves are the product of 
two normally distributed curves (e.g. Figure 5:20) which are truncated at zero. 
The section of the curve used for the test is thus approximately normal. 
The score data is based on quantitative observations of the behaviour of 
calmodulin binding proteins and is in fact intended to quantitatively describe or 
predict the behaviour of the protein, thus it is measured as an interval. Although 
the profiles used have a limited set of scores available, they are special cases of 
a general class. The gaps in the scoring continuum are due to the particular 
matrices used and with appropriate matrices, all scores are possible. 
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